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Periscope view of iodine-132 production; see p. 15 
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Neutron Decay: The Problem and The Experiments 


Postulation of the neutron's radioactivity motivated a long 
series of experiments to verify the theory and to measure 


neutron half-life. 


To date, measurements at Oak Ridge and 


Chalk River indicate a half-life in the range 8-30 minutes 


By ARTHUR H. SNELL 


Director. 


WHEN NEUTRONS were first discovered 
in 1932, it was surmised from the first 
fragmentary experimental observations 
that they 
This led rather naturally to the specu- 
lation that each neutron consisted of a 
proton with a bound electron, the mass 
difference being evidence for an energy 


were lighter than protons. 


of binding. 

For two years or more the situation 
was experimentally unclear. The true 
state of affairs did not become evident 
until Chadwick Goldhaber (1) 
obtained their pioneering results on 
photoeffects, in which they 
gamma ray to 


and 


nuclear 
used the Thorium C’ 
disintegrate the deuteron 

D2? + hv(2.62 Mev) = H'+nn+Q 
From this the neutron mass can be 
written as 

n = (D? — H') + 2.62 —Q 

The (D? H') difference was known 
from mass spectrometric data, and Q 
was the size of the 
proton pulses produced in an ionization 
chamber. The resulting value for the 
mass of the neutron reversed the earlier 
supposition; the neutron turned out to 
be heavier than the hydrogen atom by 
an amount now known to be equivalent 
to 0.78 Mev. Chadwick and Gold- 
haber ventured the remark that this 
placed the neutron in a class with beta 
emitters of higher atomic number; the 
difference made beta emission 


measured from 


mass 
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energetically possible, and the neutron 
should therefore be radioactive. 

Here was a challenge to the experi- 
mentalist. flying 
particles so they pass 
rather readily kind of 
matter, how could one devise a method 


source of 
that 
through 


Given a 
elusive 


any 


of observing the products of the radio- 
activity? 
stringently, how could one convince a 
scientific skeptic that the rather small 
effects to be expected 
really from beta-emitting neutrons, and 
not from the intense gamma radiation 
(together with secondary 
electron and ion formation) which 
would accompany the neutrons both in 


Or, to put the question more 


were coming 


associated 


their birth and in their demise in the 
walls of the apparatus? 

The first theoretical predictions of 
the neutron half-life made the detection 
of neutron radioactivity look exceed- 
ingly difficult. The half-life could be 
estimated from beta-decay theory in- 
asmuch as the n — H energy difference 
was known (albeit rather inaccurately) 
and the initial and final spin states 
(both 144) indicated that transition 
would be allowed. In 1936 the best 
information led to the prediction that 
the half-life would be one month (2). 
Since then, the theoretical half-life has 
decreased steadily, until now it is in 
the neighborhood of ten minutes. Each 
decrease made the experiment look the 


3 




















Alvarez-Tobias experimental 


apparatus 


FIG. 


more promising, because the decay rate 
Irom 4& given sample would be so much 


thre rreaAtetl 


The first recorded attempt to observe 


the disintegration of the neutron into 
in electron and a proton was made in 

at the Cavendish Laboratory (3 
look back 


we can see that the failure is to be 
lack ol 


attempt failed: as we 
now 
intensity and 


isso inted with 


with lack of understanding of the real 


nature of the problem. 


The Alvarez-Tobias Experiment 
With the development of knowledge, 
realistic attempt under- 
19389, by L. W 
Tobias at the University of Cali 
Berkeley The 


tron WAS used to proy ick neutrons, and 


a more wis 


taken, in Alvarez and 
tc. - 
fornia in 37-in. cyclo 
the apparatus was approximately as 
The 


neutron decay 


indicated in Fig l protons 


formed as the result ol 
a 10-ft long evacu 


vere to be led down 


4 


ated tube by the constraining effect of 
field. The 
surrounding 
solenoid were enclosed in coaxial iron 


a longitudinal magnetic 


evacuated tube and its 
tubes which were necessary to provide 
from the transverse stray 


The end 


near the cyclotron target 


shielding 
field of the cyclotron magnet 
of the tube 
was lined with paraffin. 

Fast neutrons from the target would 
penetrate the magnetic shields, solenoid 
winding and tube wall and would then 
Thus 


neutrons, 


be slowed down by the paraffin. 
flooded 
would be provided in the vacuum, A 


a eavity. with slow 


sliding cadmium cylinder inside the 
paraffin could be moved so as to remove 
the slow neutrons at will while leaving 
the eyelotron radiation background 
unchanged. 

from neutron 


Some of the protons 


decay would move down the tube to- 
ward the far end, which was outside of 
the evelotron shielding tanks. Here an 
electrostatic lens, consisting of two con- 
vex plates of perforated iron, served to 
and them on the 


accelerate focus 


thin collodion window of a propor- 


tional counter The accelerating volt- 
age across the lens was 100 kv, and the 
iron served to terminate the longitu- 


field. The 


counter gas pressure was chosen so as 


dinal lines of magnetic 
to maximize the pulses to be expected 
from the protons after penetration of 
the counter window. The proportional 
counter, with its amplifier and oscillo- 
scope, were at the negative potential of 
the lens, that is, they were at — 100 kv 
with respect to ground. 

The counter end of the apparatus is 
shown in Fig. 2. At the far right, the 
vacuum tube with its solenoid windings 
can be seen emerging through a rectan- 
The oscil- 


loscope and the amplifier in the box to 


gular hole in a water tank. 
the left of the insulator (center) were 
at the The 


wire cage was, of course, necessary for 


negative high voltage. 


the protection of innocent bystanders. 
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It is unfortunate that this courageous 
experiment was not brought to a con- 
clusion As it 


arose which made it necessary to 


was, a national emer- 
gency 
take over the cyclotron for war work, 
and the experiment was abandoned just 


after the apparatus was completed. 


Post-War Developments 
which 


The 


really brightened the experimental pros- 


scientific development 


pect was the appearance of the uranium 
With 
enormously higher than any 


chain reactors. their neutron 
densities, 
which had been previously available, it 
became possible to consider new kinds 
of detecting arrangements. For exam- 
ple, a neutron beam taken from the Oak 
Ridge reactor might typically have a 
flux nt ol 10 
With a of 2 X 10° cm/sec 


a density n of 


neutrons /cem?/sec. 
(thermal 
neutrons), one derives 
If one 
arranged instruments so they 
looked at 200 cm! of 10,000 
neutrons would continually be under 
observation. If the half-life 
minutes, the disintegration 
rate from the sample would be (10,000 
x 0.693/10 
This would appear to be rather easily 


in the beam. 
that 
beam, 


50 neutrons/cem 


neutron 


were ten 
or about 700 per minute. 


obse ry able 

In 1946 the 
with D 
set up an apparatus desigred to look 


writer, in collaboration 
Saxon and E. F. Shrader (4), 
for any protons which could be acceler- 
ated laterally out of a beam containing 
decaying thermal neutrons. A second- 
ary-electron multiplier, as modified by 
J. S. Allen for particle counting, was 
chosen as the proton detector for two 
insensitive to 


reasons: it is rather 


gamma rays, and it is a high-vacuum 
device, so that no window is required. 
This enables one to restrict oneself to 
moderate proton accelerating voltages, 
thereby avoiding the difficulties of intro- 
ducing hundred-kilovolt potentials into 
the vacuum system without generating 
flying electrons and ions in such num- 
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FIG. 2. Detecting end of the Alvarez- 


Tobias apparatus 


bers as to choke the detecting appara- 
tus. 


An apparatus of this nature had 


the further appeal (recognized from the 
start but also urged on us by others 
during the early work) of lending itself 
to the detection of coincidences between 
the protons and the beta particles. 
Preliminary results, using the proton 
detector alone, were reported in 1948 
(5). These results indicated the pres- 
ence of counts which behaved as if they 
were caused by positive particles result- 
that is, the 


counts depended upon the presence of 


ing from neutron decay; 


the collecting field, and they were re- 
moved when the primary neutron beam 
was interrupted by the insertion of a 
boron shutter. 

Meanwhile, the experiment was also 
undertaken independently by Dr. J. M. 
Robson at the Chalk 
Canada, laboratories. A neutron beam 


taken NRX 


Proton detection was accomplished by 


River, Ontario, 


was from the reactor. 
means of an electron multiplier, but a 
magnetic lens Was soon introduced be- 
tween the multiplier and the neutron 
sample so that the apparatus would be 
and counts could be 
attributed to 


because of their unique e/m value. 


more selective 


unambiguously protons 


Chalk River Experiment 
Robson's apparatus is diagrammed in 
Fig. 3 (6). 
inch in diameter was allowed to emerge 
from the Chalk River reactor through 


A neutron beam about an 
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FIG.3. Apparatus used by J. M. Robson 
for detection of neutron decay 


the hole indicated at the top of the 


diagram. Entering a vacuum chamber, 
it passed axially through a semicylindri- 
cal electrode held at a 
voltage with respect to the surrounding 


high positive 


walls. The arrangement was such that 
any positive particles generated in the 
beam near the electrode would be auC- 
celerated into the magnetic spectrom- 
eter; if they were then able to traverse 
the spectrometer and register upon the 
multiplier, their e/m could be deduced 
from the value of lens coil current 

The main result of the experiment is 
The 
rate in the multiplier is plotted as a 


reproduced in Fig. 4. counting 


function of the current in the coil 


When the 


proton 


current appropriate’ tor 


transmission was reached, a 
With a 
boron shutter in the neutron beam, this 
This indicated 


that protons were being generated by 


prominent peak was observed. 
peak failed to appear. 


the slow neutrons in the beam. 
\ few subsidiary tests were needed to 
eliminate 


remaining suspicions as to 


possible origins of the protons other 


than neutron decay. One of these was 
unique to the experiment; by adjusting 
the lens current, H, 
They 


their absence carried with it the rather 


6 


parts les could be 


sought. were not found, and 


strong implication that ionization proc- 
esses in the residual gas were not re- 
sponsible for the proton peak. 


Oak Ridge Experiment 
In the diagram (Fig. 5) of the Oak 
tidge experimental arrangement (7) a 
cross section has been chosen in which 
the neutron beam proceeds axially 
through the vacuum tank in a direction 
An open- 


sided, open-ended cylindrical positive 


perpendicular to the paper. 


electrode partially surrounds the beam, 
and a flat negative electrode is situated 
above the open side such that the result- 
ing electrostatic field will accelerate up- 
ward any positive particles which may 
be generated in the region of the beam, 
focussing them so that the majority 
will pass through an aperture in the 
negative electrode and register upon the 
enlarged first plate of a secondary-elec- 
With this 
geometry, voltage differences of at least 


tron multiplier. simple 
10 kv can be applied between the elec- 
trodes without causing multiplier counts 
in the absence of radiation. This point 


is not trivial, for several more com- 


plicated 
which were tried in the beginning were 
found to be 


proton-collecting geometries 


hopeless in this respect. 


The present negative electrode is made 
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FIG. 4. Result of Robson’s experiment. 

Dotted curve was obtained with boron 
shutter S (Fig. 3) in neutron beam 
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of smoothed graphite, with rounded 
edges and buffed surfaces. 

The positive electrode is made of thin 
aluminum foil, so that beta particles 
from decaying neutrons can traverse it 
and enter the double-celled beta counter 
The very high back- 
ground counting rates make it neces- 
sary, for reasons of speed and durability, 
beta their 


situated below. 


to operate the counters in 
proportional region. 

The parts of the apparatus which are 
normally mounted inside the vacuum 
tank are shown suspended in air in 
Fig. 6. tube 
pended (center of picture) to illustrate 
the position of the neutron beam. The 
parts of the equipment are 
by comparison with Fig. 5 
change: the single two- 
celled beta counter of Fig. 5 has been 
replaced by four counters distributed 
radially around the beam. 

The Oak Ridge experiment consists 
of looking for triple coincidences—that 
is, coincidences between pulses gener- 
ated in cell A and in cell B of the beta 
and pulses generated in the 
multiplier by collection of the decay 
protons. Coincidences above the ran- 
dom rates are indeed observed, and they 
can be divided into two classes: 


\ glass has been sus- 


other 
recognizable 
There is one 


counter, 
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ORNL neutron decay apparatus 


FIG. 6. Detecting system for the Oak 
Ridge experiment. Glass tube indicates 
position of neutron beam 


1. Coincidences observed when no 
special delays are inserted in the 
coincidence circuits. These coin- 
cidences do not depend upon the 
presence of an electrostatic field 
across the neutron beam. They 
therefore are not connected with 
the collection of positive particles. 
They receive a rather natural in- 
terpretation in terms of secondary 
electrons passing rapidly through 
both cells of the beta counter and 
impinging upon or traversing the 
first plate of the multiplier. We 
will therefore not consider them. 
Coincidences which appear when 
the pulses from the beta counter 
are delayed by 0.25 usec before 
being put into coincidence with the 
pulses from the electron multiplier. 
These coincidences depend upon 
the presence of the electrostatic 
collecting field. 

It should be observed that 0.25 psec 

is approximately the minimum time 


7 











required for the collection of a proto! 


a field plot obtained it 
There 18, there- 


as derived from 
in electrolytic tray. 
fore, rather rough mass identification of 
the positive particles to be associated 

the the 


class; protons and H,* ions are the only 


with coincidences of second 


singly-charged ions which could be 


generated in the region of the neutron 
beam and be collected quickly enough 
to yield coincidences, 

The 
second class is itself strong evidence for 
but the prob 


coincide neces ot the 


existence of 
the neutron radioactivity, 
lem remained of finding out if they also 


behaved in other ways, as they should 


if they originate in beta emission from 
neutrons. For this purpose subsidiary 
tests were carried out, of which the data 
summarized in the table on this page are 
In this table, the sec- 
tests indicate that the 


representative. 


ond and third 
coincidence S depend upon the presence 
The third and fourth 


that the dependence 1s 


if slow neutrons. 
tests indicate 
not one which involves the generation 
of capture gamma rays in the apparatus 
The 
sion, already drawn from the sensitivity 
to the electrostatic field, that particles 


fifth test corroborates the conelu- 


of low energy entering the multiplier 


aperture are necessary for the coinci- 





Coincidence Results in the Oak Ridge Experiments 


Trans- 


Genuine 


C'oincidence 


C'ondttions Rate (« pm 


74 +0 


Normal 


Boron 


slow 


interrupting 


neutron beam off 


Cadmium in beam 
eliminating slow 
sub 


neutrons and 


stituting strong 
source of capture 


gammas 


o ft Cd wrapped 
around Vac 


tank 


uur 


0.0002-in Al foil 


covering multiplier 


aperture 


He gas in vacuum 
tank to 5 times base 


pressure 


0.051-in A] 
AB counter window 


over! 


Repeat first test 





O05 


4 


Field-NSensitive 
('oin- 
Rate 


(cpm 


Crenutne 
cide nice 


Re marks 


Conditions would allow 


O7 neutron decay coinci- 


dences to appear 


to 
» trans 


B'® shutter known 
be 10 
parent to slow neutrons 


about 


Pile power reduced un- 
til individual counting 
equal to 
tests 


rates about 


those in other 


Factor ly 


Neutrons pres- 
in Local 
captures increased 

fold 


again 
ent beam 


many 


Reassuring check; con- 


tributes little new 


No more field-sensitive 
coincidences than in 1, 
tors 


Sufficient Al to 
betas of exper ted 


(O.8 Mey 


stop 


energy 
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The sixth test shows that 


ionization processes in the residual gas 


dences 
of the vacuum are not responsible (evi- 
against presence of H,* ions), 
and the test the 
beta-counter discharges responsible for 


dence 
seventh shows that 
the coincidences behave as if they were 
caused by the expected beta particles, 
(foil of 
electrode plus counter window) trans- 


n that 0.003 in. of aluminum 


mits them, but 0.054 in. stops them. 


Half-life of the Neutron 
The results of the Chalk River and 
Oak leave little 
doubt as to the reality of beta emission 
The 


is estimated from 


Ridge experiments 


from free neutrons. associated 
half-life the Chalk 
River experiment to lie in the range 8 
to 20 minutes, and from the Oak Ridge 


experiment, 10 to 30 minutes. Thus 


there is agreement with modern theory 
Much 


accuracy is, in fact, required, because 


in order of magnitude. more 
of the unique position held by neutron 
beta-activity in the beta-decay theory. 

For beta emitters in general, the fol- 
lowing relationship is one of the basic 
results of the Fermi theory 

V\? Ft = 0.693 7, (1) 
Here ¢ is the half-life, 7) is a constant 
with dimensions ,of time, |./| signifies 
the nuclear matrix element which de- 
scribes the overlapping of the wave 
functions of the initial and final states, 
and F is a rather complicated function 
involving mainly the maximum energy 
of the beta particles but also including 
the effect of the nuclear coulomb field 
upon the escaping beta particle. 

The main interest at the moment lies 
in the accurate evaluation of the con- 
This is a universal time con- 
It is related to the 
constant g of the beta-decay theory 


stant To. 


stant of nature. 


through an expression which involves 


conventional physical constants 


2r*h [ mc? fh \* |? e 
1 = . -- (2) 
me? | g \me 
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where f is Planck's constant divided by 
27, mis the mass of the electron, and ¢ 
Physically, the 
quantity g determines the strength of 
the the transforming 
particle in the nucleus (a neutron in the 
of B 


neutrino 


is the velocity of light. 
interaction of 
decay) with the electron- 


field. We talk 


about 7, rather than g because g has a 


case 


choose to 


numerical value (about 10~* erg-cm®‘) 
rather difficult to grasp, 
whereas 7) turns out to be a perfectly 


which is 


ordinary time of normal human experi- 
ence, in order of magnitude about one 
hour. 

The special case of the neutron radio- 
activity removes the main element of 
doubt in the use of Eq. 1 to determine 
Ty. This arises in the value to be given 
to the quantity |4/\*. By definition, 
M\? depends upon the initial and final 
Here 
is where the simplicity of the neutron- 
proton transition makes itself felt. A 
single nucleon transforms into another 


quantum states of the transition. 


single nucleon; therefore, there can be 
no question of admixtures of states in- 
volving orbital angular momentum. 
The transition must be purely Sig — Sis, 
and, if the Gamow-Teller modification 
of the original Fermi theory holds, then 
M'? turns out to be 3. 

The quantity F for the neutron (in- 
appreciable coulomb correction) has the 


functional form 


Wo 
F [ W(W? — 1)2(Wy — W)?dW 


re ee 
136 - 99 Wet — Tgp (We- 


+ 0.575 Wo logio | Wo + (Wo? — 1)%} 

(2) 

in which W, is the maximum energy of 

the beta particles, including their rest 

energy, in The n —H 

energy difference is now known quite 

accurately (8) to be 0.788 Mev; 
W> = 2.54 
F = 1.66. 

With ||? and F determined, all that 

is needed now is an accurate value of the 


9 


1) 


units of mc?., 


hence 


and one easily derives 











neutron half-life in order to use Eq. 
for an ideal evaluation of To. 


Estimates of Value of ro 
In default of an accurate value for 
the neutron half-life, we can only esti- 
mate To other 
The best single choice is perhaps the 
tri- 
years 


from radioactivities. 
next simplest radioactive nucleus 
tium. The half-life is 12.64 
(3.93 K 10% sec). The maximum beta- 
ray energy is 18.6 kev 
1.0364. Allowing for an appreciable 
coulomb effect, F 
2.74 X 10°*. Assuming the transition 
to be Sy — Si, |M|*isagain3. |M/?Ft 
thus turns out to be 3,300, and 

1,800 sec 

Another approach is to use the com- 


whence Wo, is 


is calculated to be 


T= 


posite of activities associated with what 
are known as the 
This is a remarkable series in the light 


“mirror nuclei.” 


elements in which there is one more 


proton in the nucleus than there are 
neutrons, or else one more neutron than 
there are protons; thus beta emission 
(which is usually 8*) leads to a ‘‘reflec- 
in the numbers of neutrons and 
the 
ton pair belongs to the series; other typi- 
(Ci 


(Ti*-Se*)., 


tion” 
protons. Obviously neutron-pro- 
cal members are (H‘-He*) 
) ses GRRE) a 3 
The quantum 
complicated, 


transitions become 
but 
“informed guesses” can be made of the 
best value of {7/2 to be attached to 
A table of values of |. *Ft can 
accordingly be drawn up. When this 
is done, the numbers turn out to be 


more nevertheless 


each, 


relatively constant. True, they vary 
through a factor of five or six for the 
ten lightest elements measured, but 
this is constancy itself in comparison 
the 
countered throughout beta emitters in 
general The average |.\/ 2Ft for these 
ten nuclei is 4,000 sec. From Eq. 1 
T, = 5,800 sec 


It is amusing, finally, to see what 


with much wilder variations en- 


these values of 7, predict for the half- 


10 
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FIG. 7. Preliminary beta-ray spectrum 

of the neutron (J. M. Robson, June, 1950) 

presented as a Kurie plot. Statistical ac- 

curacy of the points has since been im- 

proved by further counting, and the upper 
limit is 0.782 + 0.013 Mev 


life of the neutron. Substitution of 
VW\? = 3, F = 4,800 sec 
in Eq. 1 leads to the predicted value 
t(neutron) = 660 sec, or 11 min 
The choice of Tt, = 5,800 sec 
yield a correspondingly larger value. 


1.66 and T, = 


would 


Extensions of the Experiments 
The Chalk Oak Ridge 
experiments have two rather obvious 


tiver and 
but nevertheless interesting extensions. 
The first consists of the measurement of 
the beta-ray spectrum of the neutron. 
[It should be allowed in shape, and its 
upper limit should give a very direct 
measure of the n — H mass difference. 
Dr. Robson has already added a second 
magnetic lens to his apparatus, which 
he uses to gather the beta particles 
from the neutron beam. Many extra- 
neous electrons are undoubtedly fo- 
cussed by the and the 
counter, but by taking coincidences 
with the selected protons arriving at 
the secondary-electron multiplier, it is 
possible to count only those betas which 
originate in the neutron decay. Varia- 
tion of the current in the second mag: 
netic lens thus permits a study of the 
beta spectrum in the usual manner. 
The first beta spectrum of the neu- 
tron was presented at the last meeting 
of the Royal Society of Canada (9), 
Since that 
tobson has improved the 
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lens reach 


and is reproduced in Fig. 7. 


time Dr. 





statistical accuracy of the points, and 
his Kurie plot for the neutron which 
was presented at the Harwell Con- 
ference in September, 1950, is as pretty 
obtained from 
Many physi- 
years ago 


as many spectra con- 


ventional beta sources. 


cists would have said ten 
that such a curve probably would never 
be obtained. 

The second extension of this kind of 
experiment is concerned with the angu- 
lar distribution of the directions of beta 
emergence and proton recoil. Simple 
momentum considerations lead to the 
that 
will have a very appreciable effect upon 
the relative directions of the beta parti- 
cle and the proton; for example, if the 
beta particle and the neutrino were to 


come out with equal energies in direc- 


conclusion the neutrino emission 


tions at 90 degrees, the angle between 
the proton 


would be 


beta particle and recoil 


153 degrees, as illustrated. 





IGS” ite 
a Pro 
Zs va 





90” 











The lightness of the recoiling atom 
makes the system sensitive to the effect 
of the neutrino emission, but this is not 
the 
The important point is that one has 
here an ideally weightless beta source; 
nothing present but high 
Most neutrino recoil experi- 


main appeal of the experiment. 


there is 
vacuum. 
ments which have so far been done have 
depended the 
emitter, mounted on some kind of sur- 
face. The results have been revealing, 
but one is inevitably left with a feeling 
of uncertainty regarding the effect of 
essentially unknown surface forces upon 
the direction and energy of the recoil 
nuclei, especially when it is realized 
that for the heavier nuclei the recoil 
energy is generally less than 10 ev 
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upon use of a solid 


The paramount difficulty of the neu- 
tron radioactivity as a neutrino recoil 
experiment is one of intensity. Obvi- 
ously, one must throw away the proton 
focussing features used to such advan- 
tage in the present experiments; with 
reasonable angular definition, this in- 
troduces an intensity loss by a factor 
of about 100. 
into account the necessity of taking the 
angular distribution at measured beta 


If, in addition, one takes 


and proton recou ene rgves, 80 as to obtain 
a complete picture of the momentum 
balance, one is faced with a further 
reduction in effective counting rates. 
The complete coincidence experiment 
would require months of tedious count- 
ing, but it will doubtless be attempted if 
neutron beams become 


more intense 


available. 


Other Half-life Experiments 

It is in a way unfortunate that the 
current Chalk River and Oak Ridge 
experiments for measuring the neutron 
half-life have so much in common. In 
an absolute measurement of this kind, 
one would like to see the problem ap- 
proached from are 
really different in principle. In the 
history of the subject a few practicable 
proposals have been made which would 
be helpful in rectifying the deficiency. 

Probably the classic proposal for 
measuring the neutron half-life is 
through a measurement of the rate of 
accumulation of hydrogen. A variant 
of such an experiment was proposed in 
print by Wang (10) in 1945, but in the 
writer’s recollection, the suggestion had 


directions which 


already grown up independently in the 
folklore of unpublished physics in this 
country.* Let us the 
experiment would look today. 

Suppose an evacuated bottle of 1- 
liter capacity was placed in the Oak 


consider how 


* Dr. Alvarez tells me that he has had his 
students in nuclear physics classes calculate the 
expected result of this experiment as long ago 
as 1938, and he does not believe the idea is 
original with him. 


11 








actor and left there for 


Neutrons 


some would decay inside it, 


one 
would tray 
hotth and 
the rate of accumulation of the hydro- 
gen would give a measure of the neutron 


The 


slow 


flux nv in the reactor 18 


neutrons /em?/sec, and 

1 x 10 

i neutron density 

Thus there are ; 
trons always present in the bottle 
Suppose the neutron half-life is 10 min 
Then 0.693 «* 5 & 10°/10 3.0 X 10° 
vould decay per minute in the bottle 
i vear’s accumulation would give 
Hsatoms or 9 X 10 HH 
\t atmospheri 


3 x 10 


pressure 
Clearly 
hard 


one 


ridh 


amount would be 


ven to detect. ind when 


he requirements that it be meas- 
mn accuracy ot Say 10! or 


ind 


he est iblished as against possible 


that its origin in neutron 


np nuclear reactions or in 


iter vapor in the handling 


then left with an 
ih looks 
(We have 


ation that the 


that 


One is 
ilmost too 
lit to attempt omitted 
thre comphi 


would be sO radioactive 


hot-laboratory m inipulations would be 
1 Inten 
approachable if the 


River reactor is used lf 


tors or even flux 


sitvwise, the goal be- 


comes more 


higher make 


‘ 


appearance, the amounts o hvdrogen 
mi become 
At Brook} 


ud-chambet 


qpuite respectable 


National L 


expernment has been 


aven moratory 


hich looks attractive and 


interesting If 
he ta 


sent 


tneutron beam were to 


ken str right from the reactor and 


into a cloud chamber, the gamma 
and 


tracks 


rays secondary electrons, fast 


itrons would cause so many 


the rare neutron events 


ld never be seen. Clearly it would 


ecessarv somehow to purity the 


neutrons of their undesirable asso- 


erse the 


Phis could 


Bragg reflection from 


be done by making 
a crystal 
would 
the 


were al- 


Slow neutrons of chosen energy 


be swung aside slightly 
then 


irom 


main beam, and if they 


lowed to enter a cloud chamber through 


a thin window, occasional neutron decay 


events could probably be photographed. 


The filling gas of the cloud chamber 


vould have to be chosen for minimum 


capture of slow neutrons perhaps 
helium-D.O would be a suitable choice. 

The cloud chamber experiment suf- 
fers from lack of intensity, but not to a 
Probably 
hundred expansion photographs would 
have be taken 
recorded. The 


i half-life 


prohibitive extent several 


per neutron decay 
assembly of statistics 
determination, a beta 


(assuming the use of a 


etrum yg mag- 
an angular distribution 
the 


helievably re- 


ic field) or 


issuming that the directions of 


proton recoils can be 


corded 
good photographs of the 


would be a long job. \ few 

event would, 
however, be a delight to see. 

Another the 

life problem has been suggested by 

Dr. Alvarez. 


which the beta particles alone are to be 


approach to neutron 


This is an experiment in 
detected. Imagine a highly-evacuated 
circular tube, something like a betatron 
like the betatron 
magnetic field which 
The radial de- 
crease in field is, however, more rapid, 
and the 


doughnut, placed, 
doughnut, in a 
radially. 


doughnut has no hole; it is 


vy a large evacuated box. Under 
stable orbits of 
Now, if 


neutrons, 


ich conditions the 


electrons become trochoids. 
the box is flooded with slow 
some of the neutrons will emit beta rays 
in the vacuum, and some of the beta 
will follow the stable 
They 


and 


trochoidal 
the 


ravs 
nermal 
The 


experiment 18 


orbits. will have 


vertical radial oscillations. 


essential feature of the 
that only electrons which originate in the 


vacuum can traverse the proper orbits; 


inv electrons originating in the walls 
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will return to the walls. The problem 


of selecting the electrons which have 
originated in neutron decay is accord- 
ingly solved in an ingenious manner. 
The the 
Li(p,n) reaction at the target of a pulsed 
After 


radiation 


primary neutron source 1s 


electrostatic generator. each 
dies 
the 


trapped beta particles continue to cir- 


pulse the background 


away in less than a second, but 


culate. An electric field is then applied 


inside the vacuum chamber such that 


the stable orbits are displaced vertically, 
and the beta particles impinge (perhaps 


after a ftew more revolutions) onto a 


scintillation counter. Background is 


reduced to negligible magnitude by 


accepting only counts which 


after the 


appear 
vertical deflecting field is ap- 
Calculations show that second- 
X-rays in 


plied. 
ary electrons generated by 
the residual gas of the vacuum chamber 
will amount to only about 10~° of the 
number to be expected from neutron 
and the seattering by residual 
gas of the walls 
stable orbits should be negligible. 


decay, 
electrons from into 
Calibration of the effective collection 
the 


plished by flooding the vacuum chamber 


efficiency for electrons is accom- 


with a known quantity of radioactive 


gas having a beta spectrum resembling 
that of 


the neutron. 
The apparatus for this experiment 
was constructed by R. Mozley, who was 


able to demonstrate that electrons could 
be “stored” and counted satisfactorily. 
Completion of the work was, however, 
deferred when the Oak Ridge and Chalk 
tiver experiments began to give prom- 
It is to be hoped that the 
experiment will eventually be brought 


ising results. 


to a successful conclusion, yielding a 
value of the neutron half-life which can 
be compared with those given by 
the 


by a 


beam experiments and perhaps 


future hydrogen-accumulation 


experiment. 
> . al 


It isa pleasure to acknowledge suggestions 
with 


arising tn correspondence Professor 


Alvarez and Dr. Robson 
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“It is well if we realize that a very large part of the well known high 
cost figures of nuclear reactors is due to the secrecy which had sur- 
rounded their construction and which, in some cases, necessitated the 
building of whole new villages to house the builders and operators of 


the reactor to be built. 


In addition, the emphasis on secrecy and 


other considerations have surrounded the work on nuclear reactors 
with so much red tape that economic considerations had slender 


chance to be taken into account.” 


Eugene P. Wigner, Cleveland, Ohio, Dec. 


Vol. 8, No. 3 - March, 1951 


28 1950 











PRODUCTION OF IODINE-132° 


Announced here is the first availability of 2.4-hour |'*?. 
A daughter of a fission product from the Brookhaven reactor, 
this medically important isotope is shipped in an ingenious 
receptacle containing solid 77-hour Te'** which decays to |'*” 


By W. E. WINSCHE, L. G. STANG, Jr., and W. D. TUCKER 


Hot Laboratory, Brookhaven National Laboratory 


Upton, 


On FEBRUARY 22, 1951, approximately 
100 millicuries of tellurium-132, the 
parent of iodine-132, were isolated in the 
Hot This 
marked the beginning of the full-scale 


Brookhaven Laboratory. 


production phase of the laboratory’s 
program for preparing radioisotopes 
which are not produced elsewhere and 
which should be in demand by virtue of 
the ir potential importance or usefulness. 
Because of the short half-life of I 
this isotope will be shipped in a form 
which is markedly different from the 
ordinary isotope shipments made here- 
The 


paper 1s to 


tofore. purpose of the present 


describe the method of 
shipping and using I'** and to call atten- 
tion to the advantages of this system. 

The I had its 
some eighteen months 


of us (WW k W. 
short-lived 


project beginning 


ago when one 
conceived a means of 
making a iodine 
available, 


hiological purposes 


isotope 


primarily for medical and 
For many people 
working with radioisotopes, the use of a 
short-lived isotope is ruled out because 
its transitory existence prevents it 
from being shipped very far and often 


necessitates handling techniques which 





This is the first of a series of articles on 
the production of iodine-132. Details 
of the production process will be given 
in succeeding articles 











14 


Neu 


York 


are inconveniently or impossibly rapid. 
fact that for 


many clinical and therapeutic purposes 


However, the remains 
a short-lived isotope is more desirable 


than a long one, 


Medical Uses 

Some clinical tests require the pres- 
ence of a radioisotope for only a short 
length of time. For example: (1) The 
Smith and Quimby method for deter- 
mining blood circulation time requires 
less than 2 minutes to perform (1). (2) 
In the localization of brain tumors with 
diiodo'*!-fluorescein reported by Davis, 
Martin, Ashkenazy, LeRoy, and Fields 
(7) the counting must be done in the 
first two hours after injection, since the 
tumor starts throwing off the dye after 
thattime. If ashort-lived radioisotope 
is used, it will decay away rapidly 
after it is no longer needed and will 
leave the system in a condition to have 
a repeat test or treatment made upon it. 
More important is the fact that the 
amount of radiation received by the 
whole body is minimized; so is that 
received by such organs as the kidneys 
through which the sloughed-off radio- 
isotope must pass before being elimi- 
nated. A_ decided of a 
short-lived isotope over a longer-lived 


advantage 


* This work is supported by the Division of 
Biology and Medicine, U. 8. Atomic Energy 
Commussion. 
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one lies in the fact that there is no prob- 
lem of disposing of radioactive wastes 


1 


eliminated DY the body. 


Choice of lodine-132 
Table 1 shows the iodine isotopes (3) 
with half-lives shorter than ten days and 
A glance at 
the table will show that I'8? is an excel- 


greater than five minutes. 


lent isotope for many medical and 
biological purposes for the following 
reasons: (1) It has 1.4,0.85, and 0.6 Mev 
y-rays which may be easily detected 
(2) It has 2.2, 
particles which, 


from within the body. 
1.35, and 0.9 Mev§ 
due to their ionizing power, are valuable 
(3) It has 
no radioactive daughter to complicate 
the picture. (4) Its half-life of 2.4 
hours is long enough for many diag- 


for therapeutic purposes. 


nostic and therapeutic purposes yet 
short enough so as to minimize any 
harmful side effects; e.g. twenty-four 
hours after administering a dose, less 
than one-thousandth of the original 
having 
For many applications 


material remains, the rest 
decayed away. 
it should be superior to the 8-day I!*! 
currently used. In this connection and 
with reference to the paper by Davis et 
al cited above, it may be possible to use 


diiodo'**-fluorescein in fairly large 








ABOUT THE COVER 


(> nerator for 2.4-hour 1152 (see 
accompanying text) is shown in 
center of picture as seen through a 


This metallic cylindrical 
ps2 


periscope. 
vessel is used in the last step in the 
production process which goes on be- 
hind one foot of solid steel shielding 
in a hot cell at the Hot Laboratory 
at Brookhaven National Laboratory. 
After Te!*®* is added to a fused mixture 
of lithium chloride and potassium 
chloride contained in the vessel, the 
vessel is removed from the hot cell by 
remote control and placed in a specially 


designed shipping shield, Photo by 
John Garfield from Brookhaven National 
Laboratory. 











TABLE 1 
Isotopes of lodine 


Radiations (only mari- 


mum energies listed; 
figures are Mev.) 


Half-life 


287, 0.185e— 
18y, K or I.T. 
208*, 1.727 
28-, 0.4287 
038-, 0.744, 
.608-, 0.6387 
48°,1.4y7 (1% 
98", >2.3¥ 


1.8h 
13h 

id 
24.99 m 
12.5h 
8 Od 
2.4h 
21h 
50.8 m 
6.68 h 


to bo 


a 


n“~ 


, 0.537 (94%) 


558°, 2.47 (1%), 1.8% 


Parent (by p 
decay only) Daughter 
17-d Te!?! 
stable Te!?4 
stable Te'** 
stable Xe!?* 
stable Xe!*° 
stable Xe!#! 
stable Xe'*? 
5.3-d Xe'34 
stable Xe!*4 
9.2-h Xe!# 


25-m Te?! 
77-h Te 

60-m Te!* 
43-m Te! 


<2-m Te! 
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REACTOR IRRADIATION SERVICES AND RADIOISOTOPES 


The Brookhaven reactor has a machine built into it for the production of 


neutron-induced radioisotopes and the irradiation of special targets or materials. 


| This machine, known as the target conveyor, will serve all academic, industrial, 
and commercial institutions in the northeastern United States, 

In respect to radioisotopes, the Brookhaven facility serves only to supple- 
ment the isotope production facilities of Oak Ridge National Laboratory, Oak 
tidge, Tenn. This means that radioisotopes that are items in the Oak Ridge 
catalog are to be ordered from Oak Ridge and not from Brookhaven Ee:xcep- 
tions to this rule will undoubtedly be made for such reasons as a requirement for 
high specific activities, peculiarities of delivery schedules, or exceptional con- 
venience of geographical location 

Target conveyor. Schematically, the target conveyor is an endless chain of 
carriers extending horizontally across the reactor to form a closed loop. There 
ire some 300 usable carriers in the chain, each of which resides in a prescribed 
location in the reactor when the chain is in rest position. 

The containers for the materials to be irradiated are 25 aluminum test tubes 
with a usable diameter of °4 in. and a usable length of 2's in. The volume 
is about 18 em. All materials to be handled by the target conveyor must be of 
size and shape to fit into these containers. They must also be nonvolatile and 
stable up to temperatures of 200° ¢ Materials that may affect the safety of 
the reactor, or are dange rous to handle, will not be accepted for irradiation. 


In the case of special target materials supplied by applicants, chemical and 





doses as a means not only of locating mixture of lithium chloride and potas- 
the brain tumor but of eradicating it sium chloride and shipped as a solid 
solution (melting point, 365° CC). As 
Shipping and Handling the tellurium decays, the iodine pro- 
The problem of shipping and handling duced also remains fixed in the solid 
this short-lived I'%? has been solved by salt mixture. 
shipping the psrent Te!*? and from this The vessel containing this salt muix- 
milking” the iodine which “‘ grows in ture is called the ‘“‘generator.’’ Around 
as the result of radioactive decay of the it is built a thermostat-controlled elec- 
tellurium, Note that, contrary to the tric heater, which, when turned on, will 
isual case in which the daughter half melt the contents. The generator will 
life is longer than that of the parent, in be placed inside a specially designed 
this case the parent has the longer half- | shipping shield and will remain in it dur- 
life, being 77 hours for the Te'®*. Thus inguse. By applying suction to an out- 
for preparation, shipping, and handling let tube connected to the generator, air 
purposes the iodine has an ‘‘effective may be bubbled through the molten 
half-life” of 77 hours, but after a sam- liquid, sweeping out all of the iodine 
ple is separated from the parent, the present, i.e., all that had grown in since 
half-life of that sample is 2.4 hours the last such sweeping process minus 
\ description of the shipping ap- that which had decayed to stable xenon. 
paratus and the way in which it will be \lso inside the shipping shield and 
used is of interest. The parent tellu- alongside the generator will be a second 


rium will be dissolved in a eutectu somewhat similar vessel called the 
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AVAILABLE AT BROOKHAVEN NATIONAL LABORATORY 


spectrographic analyses must be provided with the materials. Quantities of a 
material placed in any single container will be limited by the induced activities 
at the time of discharge from the reactor. Activities should not be greater than 
can be handled safely behind 3 in. of lead. 

Some other parts of the Brookhaven reactor can also handle a limited num- 
ber of irradiations which, by reason of size, shape or other characteristics of the 
material, cannot be carried out by the target conveyor. These irradiations 
are considered as special jobs; arrangements can be made by discussion with the 
Reactor Operations Division, Reactor Science and Engineering Department. 

Charges for irradiations. In general, for standard irradiated units listed in 
the Oak Ridge catalog, the same unit price will be charged, although the activity 
specifications can be much higher if required. 

In the case of special irradiations in the target conveyor, the charge will 
depend on the time-integrated neutron flux to which the material is exposed. 
At the design power level of 30,000 kw, the maximum flux at the center of the 
conveyor will be about 4 X 10'* neutrons /cm?/sec; at the extreme edge positions, 
the flux will be about 1.2 X 10"! neutrons/cm?/see. Applicants may request 
any flux between these two values. The irradiation charge is computed as 


Dollar Irradiation Charge = (flux)(exposure time in days)/4 XK 10"! 


Further information can be obtained from the Isotopes and Special Materials 
Group, Brookhaven National Laboratory, Upton, N. Y 








‘purging’ vessel. This will contain product mixture resulting from the 
fused silver nitrate and will have its irradiation of natural uranium with 
own heater. The purging operation thermal neutrons in a_ pile. The 
consists of sweeping radioiodine from optimum length of time for such irradia- 
the generator with air and absorbing _ tion is about ten days. 

it in molten silver nitrate in the purging The relative activity of any daughter 
vessel. This will trap the iodine inside element growing in from a freshly 
the shield where it willdecay. The rea- cleaned sample of the parent is given by 
sons for doing this are deseribed later on Apt eat 

Phe exte ral controls on the shipping Aq = AalA, (= ; X, T r, i x) 

unit will be few and simple: an electric . 
where Ag = activity of daughter, (A,), 


cord to be plugged into a 110-volt out- . 
= initial activity of parent, Ay = decay 





let, a switch for the two heaters, a tem- fd _ 
. > i aughter, ¢ = decay 
pe rature controller which requires little constant of daughter, anc , cecay 


. ‘onsti arent. This equati 8 
adjustment, a simple valve for directing constant of paren rhis equation has 


been plotted in Fig. | for I'*? growing in 


from freshly cleaned Te'*®*. It can be 
seen from this curve and also calculated 


the air through the purging vessel or for 
by-passing it, and a hose connection to 


the user's iodine absorbing bubbler and 
from the equation 


tmaz. = (In X, In Aa) /(Ap — Aa) 
Production and Use that the maximum amount of I'%? jis 


The parent material, Te'*?, is pre- obtained 12.4 hours after the last sweep- 


a source of vacuum, 


pared by separating it from the fission ing. Thus, if one is interested in ob- 
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2 
‘ 4 


TIME HOUR 


Parent-daughter relationship for 
Te'** and I 


,~ omtamg dod 
MONTH 


FIG. 2. Growth time required to obtain 
constant quantity of I'** plotted as a func- 
tion of age of tellurium 


taining the maximum amount of | 
from the generator, one would arrange 
to sweep it out about every 12 hours. 
Table 2 shows the activities that one 
would obtain following such a procedure 
ind starting with 250 me of Te!®?, 

Figure 1 can also be used to give the 
ibsolute activity of the Te!? produced 
by a 10-day bombardment of natural 
iranium if the abscissa is time out of the 
pile and the ordinate unit is curies per 
gram of uranium per unit flux 

\ more realistic case than the one just 
cited isone in which the user wants some 
definite quantity of I rather than as 
much as possible. Referring to Fig. 1, 
it is clear that if the “‘growth time,”’ i.e., 
the time allowed for iodine to grow in 
ifter purging, were less than 12.4 hours, 
would be 
As a 
the growth 


proportionately less I 
evolved on t} c second sweeping. 
Te!32 


time required to produce a given amount 


quantity of decays, 


of 1'3? becomes longer 


18 





“TABLE 2 
Activity of °°? Obtained 


Activity of 
J*42 (mc) 


Vumber of Elapsed Time 
Sweeping (hours) 
0 
12 
24 
36 
is 





In Fig. 2 this growth time is plotted as 
a function of the age of the tellurium. 
Values on the two different curves cor- 
respond to growth times calculated to 
yield 50 and 25 me of I'* respectively. 
This graph is illustrative of the type 
which will accompany each individual 
shipment, so as to enable the user to 
obtain the desired amount of I'*? at any 
To illustrate: suppose that 
at noon on March 9 the user should 
want 50 me of ['82, 
1 gives 4.5 hours as the proper growth 
The 
user would then turn on the heater in 
the shipping shield at 7:00 A.M. and, 
after the generator reached the operat- 
ing temperature, would start purging, 
stopping the purge at 7:30 A.M. The 
then be allowed to 


given time, 
teference to curve 


time to use to get this amount. 


generator would 


cool At noon, with the purging vessel 
by-passed, heating and sweeping the 


generator out would give 50 mec 


Purity 


A glance at a table or chart of the 
nuclides will show that the major iso- 
topic 131, 
There will be no I'*8 and I'*° because 
Te'?5 and Te'®® are stable; the I['?9 
activity will be nil because of its long 
half-life; and the activities of I'*3, 1'*4, 
I'**) and I'%* will all be nil because 
their corresponding tellurium parents 


contaminant would be 


decay away completely in less than a 
day and will, therefore, have disap- 
peared entirely before the consignee 


(Continued on page 94) 


March, 1951 - NUCLEONICS 





Use of Calcium-45 in Biological Studies 


Integrated procedures are presented for the use of radio- 
calcium in animal and plant studies, including a detailed 


discussion of self-absorption corrections. 


A simplified cen- 


trifugation method is described for collecting precipitates 
for radioassay and gravimetric analysis, and considerations 
in regard to concurrent use of Ca*® and P* are discussed 


By C. L. Comar, Sam L. Hansard, S. L. Hood, M. P. Plumlee, and B. F. Barrentine* 
University of Tennessee-Atomic Energy Commission Agricultural Research Program 
Oak Ridge, Tennessee 


IN CONTRADISTINCTION to isotopes 
such as phosphorus-32 and iodine-131, 
calcium-45 has become generally avail- 
able for biological studies only within 
recent years. The tremendous impor- 
tance of calcium in all phases of animal 
and plant metabolism has prompted an 
increasing use of Ca*® in biological tracer 
studies. However, the soft-beta char- 
acteristics of this isotope impose certain 
restrictions upon the radioassay; these 
considerations, to be discussed later, 
are also generally applicable to other 
isotopes of similar characteristics. The 
reproducibility, sensitivity, 
and convenience of the various tech 
niques in terms of the requirements of 
biological experimentation will also be 


accuracy, 


discussed. 

Ca*® has been reported as having no 
gamma maximum beta 
energy of 0.26 Mev with a range of 
64 mg/cm?, and a half-life of 152 days 
Cre iP 
nuclear-reactor production in various 
preparations with specific activities of 
from 0.3 to 1,300 me /gm. 

Figure 1 presents the aluminum ab- 
sorption curve of beta rays from Ca‘; 


radiation, a 


It is generally available from 


Institute of Nuclear Studies 


*Oak Ridge 
F Mississippi 


Fellow on leave of absence from 


State College 
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Absorption of calcium-45 beta 
rays by aluminum 


FIG. 1. 


these values are not corrected for win- 
dow thickness or scattering. 


Self-absorption Considerations 

Primarily because of self-absorption, 
the relatively low beta energy of Ca*® 
causes the activity measurements to be 
greatly dependent upon the mass of the 
sample measured. There are several 
procedures by which the self-absorption 
correction can be estimated and applied. 

Thin samples: As may be noted from 
Fig. 2, the self-absorption loss amounts 
to about 5% at a sample thickness of 
1 mg/cm?; this means that, depending 
on the accuracy required, the samples 
0.5 mg/em? 


19 


must not exceed about 
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Self-absorption data for 
cium-45 


FIG. cal- 


self- 


the re- 


is desired to neglect the 
This 


fore, can be employed only when the 


when it 
absorption loss. method, 
specie activity 

the 


sensitive so 


of the sample Is high 
sufth- 


‘asonable 


and measurement 


that a re 


enough 
ciently 
count can be obtained with the limited 
mass of the sample 

At thicknesses of less than 0.5 mg 
the 
curve due to self-scattering phenomena 
these the 
that 
this 


procedure is the specific activity obtain- 


m?, there are uncertainties in 


Hlowever, errors are within 


usual biological uncertainties so 


the limiting factor in the use of 
ible in the sample to be measured. 

Infinitely thick samples: If the sam- 
sufficiently thick so that the 


radiation from the lowest layer is essen- 


pie is 


tially completely absorbed by the upper 
layers, then self-absorption corrections 
Furthermore, it is 


the 


ire not necessary. 


not necessary to know, in this case, 
imount ol sample measured since the 
measurement will depe nd only upon the 
concentration of activity in the sample 
Chis procedure is usually the simplest 
however, very often there may not be 
suffiaent sample available to make it 
advantageous to use this procedure 

As a rule of thumb, infinite thickness, 
activity me 


as tar as ‘asurements are 


concerned, approximates 0 75 times the 


20 


range, which is of the orderof 0.75 * 64, 
or 50 mg There 
isually considerable difficulties in han- 


em? for Ca*, are 
dling these relatively large amounts of 
precipitate that limit the practical ap- 
plication of this procedure. 

Samples of standard thickness: Self- 
ibsorption corrections can be eliminated 
if it is possible to prepare all samples 
and standards of identical thickness and 
area. This may often be accomplished 
for routine methods by using standard- 
ized amounts of carrier that are large 
compared to the amount of the element 
With calcium 
in animal samples, this would be satis- 
the soft but 

skeletal 


which themselves contain large amounts 


in the original samples. 


factory tor tissues, not 


generally for tissues or feces 
of this element. 

This procedure could also be accom- 
plished by preliminary chemical analy- 
sis, with the results therefrom used to 
choose a“ specific san ple aliquot to \ ield 
the standard thickness. 

Extra absorber method: Aten (3 
published an 


has 
interesting treatment of 
self-absorption corrections based on the 
relationship between the absorption of 
the beta rays in a substance like alumi- 
num and the self-absorption in the sam- 
ple. These two equations are used: 
equation for absorption 


Vea = Ne~#?e 


equation for self-absorpt ion 
\ 1 — e #4! 
\ ul’ 


(2 


\ = 


= measured activity of sample 


where measured activity of sam- 
ple, \ 2 
through absorber, A = true 
= thickness of 


absorber in mg cm?, 7’ = thickness of 


Inactive 


activity of sample, 7’, 


sample in mg cm?, and uw = absorption 
mg. 
is carried out by measuring the sample 


coefficient in em? This procedure 
then repeating 
a known thick- 


ness of absorber between the sample 
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in the usual way, and 


the measurement with 





and the tubs \ graphical method 


may then be used to obtain the self- 
absorption correction from these data. 

This method is based on the assump- 
tion that the 


the 


ibsor ption coefhicient is 


same If he inactive absorber as 


sample and ignores scattering 
will be 
this 


with 


However, as 


considerations 


noted later, values caleulated by 


method were in good agreement 
alues determined in this laboratory 
Th primary idvantage of this pro- 
cedure is that it is independent of the 
measuring set-up 


Schweitzer and Stein (4) recently 
compare d this extra absorber technique 
with equational 


methods for evaluation 
of se lf-absorption corrections. 
Empirical relationships: The most 
general procedure is to determine an 
the 


thickness of the sample and the degree 


empirical relationship between 
of self-absorption under the conditions 
to be used for the 
theoretical 

should he 


mining counting rates and self-absorp- 


measurement. Ona 


basis, the following factors 
taken into account in deter- 


tion curves: (1) the finite resolving time 


of tube and circuit; (2) absorption by 
counter tube window and airspace be- 
tween tube and source; (3) air-scatter- 
ing of beta particles into the counter; 
due to 


(4) increase in counting rate 


backscattering of source support; (5) 
effect of source support structure and 
walls of housing in scattering beta par- 
ticles into counter, and (6) mass of 
source in causing both scattering and 
absorption. 

Where relative counting rates only 
are required, as is the case in the great 
majority of biological studies, many of 
the factors just mentioned are arbi- 
trarily and automatically fixed by use 
conditions 
the 


magnitude of error introduced by varia- 


of standard experimental 


It is then of interest to ascertain 


tions in other factors which cannot 


conveniently be maintained constant; 
these factors include primarily differ- 
ence between individual counter tubes, 
shelf position, and nature of the mass 
of the source. In other words, it be- 
comes of practical importance to know 
not 


whether or a new self-absorption 


correction curve must be prepared every 





TABLE 1 


Effect of Shelf Position and Window Thickness on Self-absorption Correction 


Expressed as N/N 


for standard amount of Ca‘® incorporated into calcium oxalate; 


precipitate collected in metal cups of 4.75 cm? area) 


Window Thi ness mgocm 


Weight of Sample (mg/cm 
1.53 0.88 S6 


61 0 78 SO 
69 70 

0.54 55 

0.49 50 

0.32 33 

0. 286 

0.224 


rved activity 


rved activity 


287 


224 


0 

0 

0 
O.. 
0. 
0.3: 
O.: 
0 


with indicated mass 
with essentially 


weightless source 
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time a tube is changed and whether a 
curve must be prepared for each shelf 
position, 

Table 1 shows the effect of two dif- 
ferent counter tubes and different shelf 
positions on the self-absorption of Ca*® 
in calcium oxalate precipitated in metal 
cups of 4.75 cm? area. For these meas- 
urements, five samples were prepared 
for each level of mass by using a con- 
stant amount of CaCl, and precipitat- 
ing as the oxalate with varying amounts 
of calcium carrier. The values given 
represent the ratio of the observed ac- 
essentially 


tivity to the activity at 


‘zero’’ mass; the samples of ‘‘zero”’ 
mass were prepared by evaporating the 
Ca*Cl,, 
activity, directly in the cup to give a 
The 


self-absorption curve in the region be- 


which was of high specific 


mass of less than 0.1 mg/em?. 
tween the infinitely thin sample and the 
slightly thicker samples (approximately 
0.5 mg/cm? for Ca*®) is complicated by 
self-scattering phenomena which tend 
to yield slightly higher values for the 
latter samples However, the order of 
magnitude of this effect is within a few 
per cent and all values have been nor- 
the essentially weightless 
that 


no consistent trends, and, in general, 


malized to 


source It is apparent there are 


the precision is of the order of 


magnitude satisfactory for biological 
experimentation, 

The self-absorption curve is repre- 
Under the 


conditions as described in the preceding 


sented by Iq. 2 above 


paragraph for measuring self-absorp- 
tion, the value of uw which best fits the 
data is determined to be 0.105 em? mg 
This is in good agreement with the value 
of 0.09 + 0.01 for Ca*®CO, as reported 
by Glendenin and Solomon (4 

Figure 2 shows the theoretical self- 
absorption curve based on the uM value 
of 0.105, and points indicating experi- 
mental values under varying conditions 
The extrapolation from the thinnest 
sample to zero thickness ignores the 


self-scattering peak which can be demon- 
strated by highly precise measurements 

The two methods of collection used 
are described later in some detail. One 
method involved the use of 4.75 em? 
metal cups, and the other method glass 
These 


two types of sample mounting were 


Petri dishes of 19.6 cm? area. 
employed for technical convenience and 
because they cover the range of areas 
normally used. In general, there was 
good agreement between the values for 
calcium oxalate in metal cups, bone ash 
in Petri dishes, and soft tissue ash in 
Petri dishes; the values for feces ash in 
Petri dishes showed a tendency to fall 
above the curve. 

It is of particular interest to note that 
self-absorption values reported by Aten 

3) for calcium sulfate measured with 
an area of 2.80 cm? are in close agree- 
ment with the values here reported. 

It is concluded, therefore, that within 
the uncertainties of biological experi- 
mentation, a single self-absorption curve 
may suffice for ash of various origin or 
specific compounds. However, it 1s 
advisable that the individual investiga- 
tor satisfy himself upon this point by 
periodic spot checks. For more precise 
observations, a self-absorption curve 


should be 
material to be assayed; from a 


prepared for each specific 
more 
practical standpoint, this could be ac- 
complished by preparation of the sam- 
ples in a standard form. 


Sensitivity of Measurements 
Counting Arrangements: It is of prac- 
tical relative 


sensitivities of 


interest to compare the 
different counting ar- 
rangements since, in biological studies, 
it is usually desirable to use the most 
sensitive methods for calcium. 

Table 2 


sensitivities 


presents data on relative 
of the thin-mica-window 
counter and gas-flow counter. Again, 
sample areas of 4.75 cm? and 19.6 cm? 


were compared, with all samples contain- 
ing the same amount of activity. It 
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TABLE 2 


Sensitivity of Various Measurements of Ca*® 
t counts per minute for standard amount of activity added to each sample) 


Thin Mica Window 


Counter (1-inch win- (2-inch window, 


dow, 
2d Shelf 
14,380 5,228 
3,100 4,716 
3,000 4,700 
3,400 


S 4.75 cm? 


19.6 em? 


ares 
t area = 


35 mg/em*)t 


jd She if 


Gas Flow Counter Ex- 

ternal Measurement 
25 Gas Flow Counter In- 
mg/cm?) ternal Measurement § 


25,000 
23,000 
87,000 


25,000 


background = 
background = 


= 20) epm 
150 epm 





was not possible to make direct com- 
parisons in all cases, since the Petri dish 
would not fit on the second shelf, and 
only the sample collected on filter paper 
could be accommodated by the internal 
gas-flow counter. 

However, it can be noted that with 
the mica-window counter, the metal cup 
offered a advantage of 
14,380 /3,400, or 4.2, over the Petri dish. 
With the 
ment, which utilized a 2-inch-diameter 
window, the metal cup and the Petri 
dish gave identical values; in comparing 
this the Geiger 
counter there was an advantage of 7.3 
for the dish and cup, respec- 
tively. Since the values for the pre- 
cipitate collected on filter paper are the 
same as for the metal cups with the 
mica-window can be 
sumed that the advantage in going to 
the internal measurement for a sample 
area of 4.75 cm? will be 87,000/14,380, 
or 6.1. The over-all advantage of the 
internal measurement over the Petri 
method will be 87,000/3,400, or 25.6. 

No attempt has been made to normal- 
ize these comparisons for backgrounds, 
which were 20, 150, and 150 cpm as 
indicated in the table, because commer- 
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sensitivity 


external gas-flow measure- 


measurement with 
and 1.7 


as- 


counter, it 


cial gas-flow instruments are now avail- 
able, probably of the same sensitivity, 
which have a background comparable 
to that of the shielded Geiger counter. 

In of the optimum 
sample area to be used, it is also neces- 
sary to take into account the self-ab- 
This may be illustrated by 
using a specific example: A 100-mg 
sample collected in the Petri dish will 
have a thickness of 5.1 mg/cm? and an 
N/No value of 0.77 (Fig. 2); the same 
sample in the metal cup will have a 
thickness of 21 mg/cm? with an N/No 
value of 0.39. If this sample con- 
tained 1,000 cpm as measured in the 
Petri dish at zero mass, it would ac- 
tually count 1,000 < 0.77 = 770 epm. 
From Table 2 it could be calculated 
that the actual count in the metal cup 
would be 1,000  (14,380/3,400) & 0.39 
= 1,650cepm. It is thus observed that, 
with increased area, the decreased self- 


consideration 


sorption. 


absorption for a given sample tends to 
compensate for the increased sensitivity 
due to geometry considerations alone. 
Mass Considerations: It is to be em- 
phasized that in the biological use of 
Ca*® where accumulations will 
probably be minimal, the sensitivity 
will depend to a large extent upon the 


tissue 











itio of calcium to the mass of the sam- 


ple measured. Table 3 shows such 


ratios for some typical biological mate- 


rials: these 


ratios may vary depending 


ipon the history of the material, but 


the values given indicate 
tive normals. Values for CaCO 


( (CLOcH 4) are 


representa- 
and 
include d lor compara 
t e purposes 


For the 


ilues are 


Various ashed sumples, the 
given on the basis of the 


veight of ash after treatment with 


HCl, 


thie ish in 


since it is customary to take up 
acid for preparation Ol 


iliquots or transter to the counting 


vessels The 


due to addition of acid will depend, of 


increase in ash weight 


ourse, the nature and origin of 


upon 
the ash, but it may be as high as 65% 
Phe following specific illustration will 
dies the relative effect of this ratio 
on sensitivity \ 5-gm sample of soft 
tissue —muscle, for instance—will yield 


ibout 75 mg of acid-treated ash con 


ihout 0.35 mg of caleium If 
$.75-cm 
thickness would be 

15.8 mg em? and the VA 
from Fig. 2 would be 0.48.) On 


other hand, it 


taining 


this ash were collected in a 


up, the 


would be possible 
to add about 2 mg of calcium as carrie! 
about 


ind precipitate the activity in 


OY mg of calcium oxalate If this were 
ollected in a metal cup of 4.75 em?, the 
would be 9 
ind the corresponding \V\ 

he O.91. This 
tivity of the precipitation method would 
the direct 
In addition 
, it can be noted that 


thickness 175 = 1.9 mg 
would 
that the 


means sensi- 


be essentially twice that of 
measurement on the ash 
to the sott tissues 
for measurements on urine there will be 
considerable advantage in separating 
the caleium 
Precipitation of calcium as the oxalate 
has been found generally satisfactory 


ind is a widely used technique tor 


The 


ilready developed are adaptable with- 


inalytical purposes techniques 


out modification for Ca* radioassay 


24 


Shirley et al. (6 


p irposes 


compared 
the use of calcium oxalate and calcium 
carbonate and reported that the oxalate 
method was more satisfactory 

The advantages of precipitation over 
direct measurement of tissue ash may 
be summarized as follows: 

a) In the case of certain materials, 


W ill 


a more favorable ratio 


sensitivity be increased be- 
cause of 
of calcium to sample mass 

With some materials, the gravi- 
metric chemical analysis and the 
self-absorption correction will be 
obtained from the same weighing 
The sample to be measured will 
have a constant composition, 
thus minimizing uncertainties in 
the self-absorption corrections 
An additional isotope may be 
measured, provided it does not 
come down with the precipitate. 
Interference will be avoided from 
any radiocontaminants that are 
not included in the precipitate. 
The primary advantage in making the 
measurements directly on the ash where 
possible is the saving of the time and 
enort required for the chemical steps 


in the precipitation procedure 


Collection of Sample for Radioassay 


It is necessary, in the radioassay of 
iny soft beta emitter, that the sample 
Cal- 


deposit be as uniform as possible 





TABLE 3 
Ratios of Calcium to Sample Mass for 
Typical Biological Materials 


Sample Ca 


» 


Bone ash 


Sott tissue ash 


acid treated 
acid treated) 005 
Rat feces ash (acid treated) O15 
Plant ash (acid treated 0.07 
Urine ash (acid treated 0006 
Dried urine 0.0002 
CaC.0O,-H:0 0.27 
CaCO 0.4 
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in has presented an excellent review 
on the preparation of solid samples, 
particularly with reference to carbon-14. 
It is not the intention here to cover this 
subject compre hensively, but only to 
illustrate the principles of those pro- 
cedures which have been suggested for 
and which 


to Cat 


this purpose may be espe- 


cially adaptable studies. 
Table 


reproducibility 


1 presents a comparison of the 


obtained with several 
mie thods to he discussed in the 
The coefficient 


from 20 


following paragraphs 
of variability as determined 
samples in each case is given. 

Evaporation methods: In general, the 
main disadvantage of the evaporation 
technique is that a preliminary separa- 
tion of unwanted soluble matter is 
Direct evaporation of high- 
the 


which causes 


required 
solutions where 
that 


self-absorption is generally satisfactory. 


specinc-activity 


mass is well below 





TABLE 4 
Comparison of Reproducibility of Various 
Methods for Collection and Counting 
of Ca*® 


(oe fficie nt of 
Variability 


thod (20 samples 


Metal « up 
Mass 


I vaporation 
4 75 en 


0.1 mg/cm 


aurea, 


tion, Petri dish 


Mass 


I Vapora 
19.6 cm? area, 
< 0.1 mg/cm? 

Ky tporation, Petri dish 
19.6 em? area, 5 mg/cm? 

of bone ash residue 

Filtration 
4.75 ¢m 


ium oxalate 


on paper, 
area, 5mg/cm? 


ot ¢ alk 


Centrifugation in Luster- 
oid tubes 


6 mg. of calcium oxalate 


Centrifugation in plastic 


tube and cup assembly, 


9 mg/cm of 


oxalate 


caleium 
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Even though the deposit may not be 
entirely uniform, fairly precise results 
may be obtained, especially if the sam- 
ple-mounting area is smaller than that 
of the counter window [see (a) and (b) 
in Table 4] 

Lansing et al. (8) dry-ashed mouse 
tissues in nickel crucible covers, added 
a small quantity of dilute HCl to insure 
even distribution of the ash, and dried 
110° © for 
9) used essentially the 


the samples at counting 
L’Heureux et al 
same technique, keeping their measured 


Where 


large amounts of solute are involved, as 


samples at 1.5 mg cm? or less. 


in acid solutions of ash, the problem of 


preparing uniform deposits becomes 
difficult 


nomena as crystallization and creeping 


more because of such phe- 
However, if care is taken, a coefficient 
of variability of 4.1°% can be obtained 
[(c) in Table 4]. As would be expected, 
some of these difficulties can be elimi- 
nated if it is possible to prepare the 
sample from a suspension 

Filtration methods: Many filtration 
devices have been developed for the 
collection of 
Tech- 
niques involving the use of filter paper 
suffer from the general disadvantages of 
variable texture, difficulty in reproduc- 


purpose of quantitative 


the precipitates for radioassay. 


ing constant weights, tendency of the 


paper and precipitate to buckle, and 


necessity for careful handling of the 
final sample to avoid damaging the 
Although of the 
various of these 
disadvantages, there has been a tend- 


precipitate. some 


methods eliminate 
ency toward use of the sintered-glass 
Gooch crucible; in this case, however, 
there is the need for thorough decon- 
tamination of the crucible before re-use 
and it is not practical to hold a large 
number of samples until the results 
have been studied. 

Figure 3 shows an apparatus which 
has been described by MacKenzie and 
Dean (10) for the measurement of P*?, 
but which has been found satisfactory 


25 

















Glass tubing beveled 
and tire poi:sned 
SINTERED 


SLASS PLATE 


RUBBER BANE 


* 





/ WIRE COLLAR 











FIG. 3. Filtration apparatus for collect- 
ing a uniform layer of precipitate for 
measurement of P*! and P** (/0 


for collee- 
The filter 
prepared by cementing filte: 


by Driggers and Comar (11 


tion of calcium oxalate. 
rings are 
paper to an aluminum ring. In as- 
sembling the apparatus, the filter ring 
is centered on a relatively fine sintered- 
glass suction plate and a glass cylinder 


is fitted into place and held there by 





saurce 











FIG. 4. Biichner-type funnel for collect- 
ing barium carbonate containing radio- 
active carbon (/2 
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SAMPLE MATER AL 


sLiP 5 

ring A 
‘ crea ~[ ie 
PAPER 


MOUNT Base ? 


MOUNTING RING 
AND BASE 











FIG. 5. Stainless-steel filter assembly 
for collection of precipitates on filter paper 


The 


cylinder 


rubber bands as shown. inside 


edge of the glass pressing 
against the filter paper is beveled and 
Prior to use, the filters 
50% 


accurate 


fire-polished. 
to equilibrium at 
that 
weights may be obtained. 


are brought 
relative humidity so 
Armstrong and Schubert (12) have 


described a Biichner-type funnel for 
collection of barium carbonate. As seen 
in Fig. 4, a brass funnel is used to sup- 
port two layers of filter paper, the first 
of which, the base filter, is a circle of 
qualitative paper cut to fit the inner 
funnel. A sheet of 


retentive filter paper is then pressed into 


diameter of the 


the funnel and the excess paper trimmed 
flush with the rim. While the paper is 
still wet, its cut edge is attached to the 
rim of the funnel with molten paraffin. 


The usual procedures for drying, weigh- 


ing, and applying suction are employed. 


Figure 5 shows a stainless-steel filter- 
ing apparatus commercially available 
for collecting precipitates on filter paper 
with subsequent transfer to a mounting 
block 
tained with this device as shown by the 
2.3% for the coefficient of 

[(d) in Table 4]. 
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Good reproducibility was ob- 


value of 
variability 





has described an all-glass 
filtration apparatus (Fig. 6 
ploys the sintered-glass disk of a Pyrex 
Gooch crucible as the sample holder. 
This eliminates the filter paper and the 
need for transferring the activity, since 
the counting can be performed directly 


Sacks (13 
which em- 


on the crucible. The unit consists of a 
filter tube equipped with a flat ground 
surface to receive the modified crucible. 
The lower edge of the crucible is ground 
to fit on the flat surface of the filter 
tube. These crucibles are commercially 
available, but for soft beta emitters 
they should be selected for uniformity 
of disk diameter and exactness of the 
plane of the disk. Bernstein and Bal- 
lentine (/4) have reported an interesting 
extension of this technique in which the 
Gooch crucible containing the sample 
is used to form the counting chamber of 
a gas-flow proportional counter. 

Settling and centrifugation methods: 
Many of the difficulties encountered in 
the use of filtratien technique have 
been eliminated by the development of 
centrifugation methods. 
Greenberg et al. (15), workiag with car- 
bon-14, have found it very satisfactory 
to evaporate acetone suspensions of 
protein disks. They 
used a simple device consisting of an 
inverted mayonnaise jar, from which 
the bottom had been removed, and held 
the aluminum disk in place by the 
screw cap of the jar. 

\ very simple centrifugation pro- 
cedure for the collection of calcium 
oxalate is based on the use of the Lus- 
teroid tube. The bottom of the tube 
containing the precipitate is clipped off 
counting. After 
many trials, the best value obtainable 
was a coefficient of variability of 9.1% 
[(e) in Table 4}. It was concluded that 
while this method might be satisfactory 
for the more energetic beta emitters, it 
was not precise enough for Ca‘, 

Larson et al. (16) have described a col- 
sulfate 


settling and 


onto aluminum 


and mounted for 


lection apparatus for barium 
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FIG. 6. Sectional view of Pyrex Gooch 
crucible filtration apparatus (/3) 


precipitate which consists of a centri- 


fuge tube with a flat and removable 
bottom. The Lusteroid planchet that 
forms the bottom of the tube is molded 
in a glycerol bath heated to 200° C 
See Fig. 7. Hutchens et al. (17) re- 
cently described a centrifugation as- 
sembly for preparing BaCQ; plates. 

A very simple centrifugation device 
has been used in this laboratory for 
large-scale routine collection of calcium 


oxalate precipitates (1/8). The appara- 





— PLANCHET 


—— RUBBER 


a ae ee —— 
me > BRASS 











FIG. 7. Centrifugation apparatus for col- 


lection of precipitates (/6) 
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tus, as shown in Fig. 8, consists of a 


tapered-end polyethylene plastic tube 
with a nickel-steel, or prefe rably stain- 
less-steel, cup forming the bottom 
The cups and tubing are commercially 
available, but the 
lathed to fit The 4-inch plastic tubes 


are tapered on each end so that a tight 


tubing has to be 


when the tube is 


Worn tubes may 


inside fit is made 
pressed into the cup 
and the 


The plastic tube is sufficiently resilent 


be reversed other end used 
so that a tight leak-proof fit is possible 
this is not possible with glass 

This apparatus ts accommodated by 
tube 


the regular 50 ml centrifuge 


arriers To insure that no leakage 


occurs, water 1s placed between the 
plastic tube and the carrier which serves 
to equalize the centrifugal pressure 
The ¢ ups and precipitate can readily be 
brought to constant weight by drying 
Since the Cups are inexpensive and used 
only once, the samples can be kept for 
reference purposes as long as practica- 
bole The method has given good repro- 
ducibility as shown by the coefficient 
in Table 4 


of variability of 2.5% [(f 


Concurrent Use of Ca*® and P** 
The 


ships ol 


importance and interrelation- 


calcium and phosphorus in 


tnimal metabolism have provided at 
strong incentive for the developme nt ol 
methods by means of which these two 
Isotopes could be used simultaneously. 
Armstrong and Barnum (1/9) accom- 
plished this in 1947 by chemical separa- 
tion of the calcium as the oxalate, going 
through four precipitations, and meas- 
urement of the phosphorus in the com- 
bined supernatants 

In this laboratory, consideration has 
different beta 
energies of the two isotopes (Cat? =0.26 
Mev, P*? = 1.7 Mev) to eliminate the 


necessity for chemical separation Ab- 


been given to using 


sorption data indicate that an absorber 
of about 55 mg cm? will stop essentially 
all of the Ca‘ 
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beta rays from a sample, 
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FIG. 8. Plastic tube and cup apparatus 
for collection of precipitates (18) 


but will reduce the P*? contribution by 
Thus, if 


a mixed source is measured with a thin- 


a factor of only about 1.5. 
mica-windew counter, the activity will 


be due to both isotopes ; if this same 
source is again measured with an ab- 
sorber of 55 mg/cm? the activity will 
represent (P** counts with no absorber 
1.5 and the calcium contribution can 
be calculated by difference. 

Repeated trials have shown that this 
method yields accurate results when 
the ratio of Ca*® to P** activity is 1 or 
Unfortunately, in animal ex- 
this 


the greater absorption of 


higher. 
periments, direct application is 
limited by 
phosphorus by the animal and greater 
laydown of this element, particularly 
in the soft tissues, together with reduc- 
tion of Ca*® counts by self-absorption. 

However, where the calcium oxalate 
is separated as part of the regular pro- 
cedure, the P*' and P*? can be deter- 
mined on the supernatant or filtrate. 
precipi- 


The calcium oxalate need be 


tated only once and the procedure dis- 


March, 1951 - NUCLEONICS 





cussed above can be used to determine 
whether or not there is any residual P*? 
in the oxalate precipitate. If so, an 
accurate correction can be applied since 
here the Ca‘, P*? ratio will be high. 

It should also be mentioned that the 
ash and PP 


can be measured directly for P** by 


solution containing Ca*® 
a solution measurement with 
wall thickness of 
this the 


self-absorption in the solution and the 


means of 
a counter having a 


50 mg em? In case, 
absorption in the wall of the counter 
effectively the 
of the Ca* beta rays. 


minimize contribution 


Combined Chemical Analysis 
and Radioassay 

In biological and metabolic investiga- 
tion, it is generally essential to have 
data on specific activities and turnover 
rates. This requires that samples be ana- 
lyzed chemically for total calcium and 
measured for caleium-45 by radioassay. 
The various analytical procedures for 
calcium in biological materials are well 
known. It, 
able to integrate the chemical and radio- 


therefore, becomes desir- 
chemical analyses so as to minimize and 
simplify the steps involved and to take 
as much advantage as possible of the 
the 
handling of biological samples for chem- 


experience already available in 


ical analyses When it is possible to 
perform the radioassay directly on the 
tissue ash, the usual analytical pro- 
cedure is to take up the ash in dilute 
and, after counting, 


acid, precipitate 


and titrate the calcium oxalate as de- 
scribed below 

The following paragraphs describe 
the procedures for chemical and radio- 
chemical assay which have been found 
They 
are presented not as representing the 
only or the best methods, but primarily 


convenient in this laboratory. 


for illustrative purposes to give specific 
information on sample size, ete. 
Soft tissues: The handling of animal 


soft tissues presents considerable diffi- 
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the low 
calcium content which ranges from 4 
to 14 mg calcium per 100 gm fresh 


weight, and also to the low accumula- 


culty primarily because of 


tion of administered radiocalcium., 

It is desirable to use a large sample 
for a yield of as high a content of Ca* 
as possible. However, experience has 
shown that it is difficult, because inter- 
fering substances may be present, to 
precipitate calcium as the oxalate quan- 
titatively from more than 200 mg of 
tissue ash with the amounts of reagents 
and the volumes used. In general, the 
sample is ashed, and calcium oxalate 
precipitated from the ash solution for 
titration to give the total calcium con- 
tent. After the 


neutralized, a standard 


titration, solution is 
amount of 
carrier calcium is added, and the cal- 
the 


This reprecipita- 


cium oxalate reprecipitated for 
counting procedure. 
tion with carrier is necessary because 
the original sample does not contain 
enough calcium to yield an amount of 
precipitate large enough for counting. 
If there is sufficient material available, 
an alternative to the reprecipitation is 
the use of two samples, one for chemical 
analysis and one for radioassay. 
Approximately 20 gm of fresh tissue 
is weighed into a tared porcelain cruci- 
ble and dried 100° C. 
The crucible is then placed in a cold 
muffle furnace, the temperature slowly 


overnight at 


raised to about 650° C, and the sample 
ashed at that temperature for approxi- 
mately 24 hours. If the ash does not 
appear white, it is treated with a few 
drops of distilled water and 2 to 4 ml of 
concentrated perchloric acid with the 
usual The 
placed on a cold hot plate and the tem- 
perature until the 
perchloric acid has been driven off, after 


precautions crucible is 


gradually raised 
which the sample is re-ashed in the 
muffle furnace 

The amount of ash is determined by 
weighing and, if Jess than 200 mg, it is 
transferred quantitatively with 2V HCl 
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to a volumetric flask, made to volume 
with distilled water, usually 25 ml, and 
transferred to the 50-ml 
centrifuge tube. One mi of saturated 
NH,)2C.20, is added to the solution in 
the centrifuge tube, then 2 drops of 
0.05% methyl red, and 4 ml of acetic 
acid (1 +4) with thorough mixing. 
With constant stirring, NH,OH (1 + 4 
is added until the solution is faintly 
alkaline and then a few drops of acetic 
acid until the color is ad- 
justed to a faint pink (pH 5.0). The 
solution is allowed to stand overnight 


an aliquot 


are added 


tor complete precipitation of the cal- 
cium oxalate 

The solution is then centrifuged and 
the supernatant can be used for phos- 
The 
precipitate is dispersed in about 10 ml 
of NH,OH (1 + 49) and recentrifuged. 


phorus determination if desired. 


The precipitate is then treated with 
2 ml H.SO, (1 + 4), heated to 80-90° C, 
and titrated with 0.02N KMn0O, ac- 
(20). <A 
standard amount of carrier calcium, 


cording to the usual practice 


usually 8 mg, is added, and the solu- 
tion neutralized with NH,OH (1 + 4) 
Three ml of saturated (NH,)2C.O, is 
added and the calcium reprecipitated 
as described above. In this case the 
precipitate is collected’in the plastic 
tube and cup assembly for counting as 
described in a previous section. 

This procedure is also used for deter- 
minations on whole blood and urine. 

Bones and teeth: When large amounts 
of material are available, a representa- 
tive fresh sample of at least 2 gm is 
weighed into a tared porcelain crucible 
and ashed in the muffle furnace, as 
described above; it is seldom necessary 





TABLE 5 
Values for Typical Biological Samples Illustrating Calcium Oxalate and Direct Ash 
Methods for Radiocalcium and Chemical Analysis 


Sample 
1 tquot used 
Rib bone 50 mg ash 


calf 


Spleen 


calf 


10/25 of sample 


Muscle total sample 
calf xs 


Incisors 109* 20/25 of sample 
rat 


Feces 3. 64F l 


rat 


10 of sample 


Femur shaft 310* total sample 
(rat 

666T 

665T 

666FT 


Leaves and 
stems crim 


son ¢ lover 


* Gram fresh ( 


t Gram dry 


ctual 
wgt os cal- 


im ora- in 1L9.6em 


arrier calc 
Determined by titration 


Actual 
wyt. of ash Actual 
counts Calcium in 

mg/gm of 


sample 


Petri per 
dishes minute 


126 185 
126 183 
153 180 
114 0.090§ 
127 0.075§ 
119 0.086§ 
57 0.050§ 
61 050§ 
1447 
2568 
252 meg 909 
23 mg 760 
133 856 
116 730 


ium added 
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The 
bone is ground directly in the crucible 
after redrying, 
exactly 500 mg is weighed out and made 
to 50 ml with dilute HCl. Aliquots of 
5 ml are used for the precipitation of 
the calcium oxalate and the precipitate 


ashed 


to re-ash these samples 


with a and, 


pestle, 


is collected in the plastic tube and cup 
The 
carefully dried oxalate 
collected in the 


calculate the total calcium and the self- 


assembly as described above 
weight of the 
metal cup is used to 
This procedure 


absorption correction. 


of ashing a large amount of bone and 
selecting an aliquot of the ground ash 
has been found quite helpful in permit- 
ting representative sampling of large 
bones and sections thereof. 

With small samples of bone, as from 
rats, the 
volume with dilute acid, and an aliquot 


total ash is made to a given 


employed that will represent approxi- 
mately 50 mg of bone ash 

Feces: Approximately 20 gm of fresh 
feces from cattle and a 24-hour collec- 
used for analysis. 
The sample is dried and ashed as de- 
scribed for the soft The ash 
is dissolved in a few ml of 2N HCl and 
made to 50 ml distilled water. 
Any insolubl allowed to 
settle and 10-ml] aliquots are taken and 
treated exactly as described under bones 
teeth. Here again, there will be 
sufficient calcium in the original sample 


tion Irom rats are 


tissues. 


with 
residue is 


and 


so that the calcium oxalate collected in 
the metal cup can be used for the gravi- 
metric analysis as well as for radioassay 
Blood plasma: In the case of plasma 
the chemical calcium is determined after 
the method of Clark and Collip (21). 
The radioassay is performed as follows: 
To 10 ml of plasma are added 10 ml of a 
slightly acid solution containing 8 mg 
calcium as carrier, and 3 ml of saturated 
NH,).C.0,. The thor- 
oughly mixed, allowed to stand over- 
night, centrifuged, and the precipitate 
washed and collected in the plastic tube 
and metal cup assembly for counting. 
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solution is 


Table 5 presents values for various 
biological samples to illustrate the cal- 
cium oxalate and direct ash methods 


for radiocalcium and chemical analysis 


These samples were chosen as represen- 


tative from many thousands analyzed 
in this laboratory with satisfactory 
precision and accuracy by the methods 


described. 
* > 


The authors wish to acknowledge the 
technical assistance of Gladys B. Schneider, 


G. W. Royster, and J, W. Kimbell. 
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Datla on 


Fluorescent Liquids for Scintillation Counters* 


An extensive study has provided data on relative efficiencies 
of many solvent-solute combinations. Response of available 
photomultipliers must be considered in interpreting this data 


By HARTMUT KALLMAN and MILTON FURST 


Physics Department, New York University 
Neu Yo h Veu York 


CONSIDERABLE INTEREST has been lar crystal and the geometrical condi- 


shown concerning the fluorescence of tions employed since all available 


solutions excited by high-energy bom- anthracene crystals exhibit a consider- 


bardment \ summary ofourmeasure- able degree of cloudiness and, therefore, 


ments (to Nov. '50) withsolutionscon- of light scattering. However, the rela- 


taining only one solute is presentedinthe tive values among different solutions 


table on pages 34-39. Thistableislim- are mostly of greater validity and could 


ited to this type of solution, although usually be duplicated to within more 


mixed solutions with more than one  than10°. In some cases, larger varia- 


solute give, in some cases, better results, tions occur which stem mainly from 


is is shown later. But from the val- differences of purity in the commercially 


ies of the simple solutions, most of the available solvent. Various samples of 


results with mixed solutions can be solvents from the same company some- 


derived For completeness, those solu- times show variations of more than 10% 


tions which gave very low fluorescent in- stemming from impurities which influ- 


tensities are included in the table ence the light emission, mostly by ab- 


The values listed are ‘‘practical sorption 2, 3).% The concentration 
values of the integrated intensity for maximum intensity is less accurately 
emitted by the substance under gamma determined than 


sity value itself, since the light curves are 


the maximum inten- 


radiation. The readings were taken 
with a solution in a reflecting beaker sometimes very flat and broad near the 
porcelain The measurements were maximum, and the exact value of the 
made with a P28 photomultiplier maximum concentration is to some 


having & maximum response at 3,400) extent uncertain 


\.I The arrangement for taking the The recording 

isurements has been described pre- standard photomultiplier photometer 
viously (1 obtained from the Photovolt Corp., 
The practical value differs from the New York, N. Y. This instrument was 
provided with a photographic shutter 
to separate the influence of the gamma 


instrument was a 


" ‘ 
rie 


true physical efhiciencies as will be 


shown later The results are listed as 
relative values compared to a ‘‘stand- radiation om the tube itself from the 


ird anthracene ecrvstal whose. sur- 
ept the one facing the multi- * This work was supported by the Signal 
lj ‘ ra : ‘ hb} Corps Engineering Laboratories Fort Mon- 
plier were covered with ad highly auth: MT: wnler seetenet Oh Oeeeenee 
reflecting aluminum foil The values t The influence of oxygen has not been in- 
vestigated; it may be of importance for these 


shown ade pe nd somewhat on the particu- variations 
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The 


minimum detectable gamma radiation 


true light emission of the solution. 
using the anthracene crystal was about 
with our normal geometry. 
With another type of photometer and 
a 5819 multiplier the limit of detectable 
radiation for gamma response was of 
the order of 10-° r/hr (1 

make these 
from the true physical 


1 mr/hr 


Two effects practical 
values deviate 
light efficiency: 

1. The multiplier response is different 
for different wavelengths of the emitted 
spectrum 

2. The reflectivity of the light at the 
walls is also dependent on the spectrum. 
since 


SOTIE 


light is multiply reflected 
before getting into the phototube, a 


small change in reflectivity may by 
itself result in a considerable change in 
light output. In most cases the physi- 
cal efficiency compared to anthracene is 
smaller than the given practical value. 

With some arbitrariness, the solutions 
may be grouped as follows. One group 
has a relative light output of less than 
0.01 


light emission of the pure solvent; there- 


about Their solutes quench the 
fore, there is no increase in light emis- 


sion, but mostly a decrease below the 


values for the pure solvent (2).* 
Another group has a maximum light 
intensity between 0.02 and 0.08. They 
show some increase in light output but 
do not seem to be of practical interest 
Finally, there is a group of solu- 
tions with a relative light intensity of 
more than 0.08. Solutions with a rela- 
tive light output as low as 0.08 may be 
of interest in special cases because of 
effective 


solvents for dissolving substances, such 


the possibility of using less 


as uranium, which are not soluble in the 
more effective solvents, to study their 
influence on light emission. 


In some cases, even the so-called very 


still in press, describes how 
f the first group can, however, be 
better knowledge of the 
transport in liquid 


* Reference 


some solutes 


ised to provide a 
chanisr of energy 


¢ r 
ons. 
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weak solvents may be of some interest. 
Thus, it had been found that aniline is 
very ineffective for most of the ‘‘good” 
Only the group of solutes 
such as alpha and beta-naphthylamine 


solutes. 


and phenyl alpha-naphthylamine ex- 
hibits a noticeable intensity in aniline, a 
special effect which is not yet completely 
understood. 

The 
hexane 
ether). t 
xylene, 


best solvents are phenyleyclo- 
dipheny! (phenyl 


Other very good solvents are 


and oxide 


toluene, benzene, p-dioxane, 


phenetole, p-cymene, cumene, and 
tetrohydronaphthalene. 

The best solutes are anthranilie acid, 
diphenylhexatriene, alpha-naphthyla- 
mine, phenyl! alpha-naphthylamine, and 
terphenyl. Diphenylhexatriene is espe- 
cially valuable for use with the 5819 
multiplier because of its emission in the 
blue. 


lutions are described in reference 8. 


Spectral ranges of important so- 


The solution with the highest relative 
intensity in the table does not, how- 
ever, represent the best solution for all 
Thus ter- 
the most 
the 5819 


types of multiplier tubes. 
phenyl solutions are not 
advantageous when 
tube which has a response 
near 5,000 A. U. Diphenylhexatriene 
solutions with the emission extending 
5,500 are better in this 
These solutions are also the 


using 
maximum 


to around 
respect. 
best yet found for visible observation. 
However, they have the disadvantage 
that only a relatively small amount of 
diphenylhexatriene can be used because 
of the relatively strong self-quenching 
of these very small 
amounts of diphenylhexatriene (the 
order of 0.01 gm/l) are added to ter- 
the ter- 
phenyl! radiation is shifted to the spec- 


molecules. If 


phenyl solutions, however, 
tral range of the diphenylhexatriene by 
absorption and the light emitted is that 
of diphenylhexatriene (3). 

The shift in 


spectrum distribution 


t+ Dipheny] oxide 
room temperature 


becomes a liquid close to 








an | ichieved with such minute con- 
eentrations of diphenylhexatriene that 


small \ 


terphenyl! in 


the self-quenching is very 
solution of 3 gm/1 of 
it} 0.01 gm! 


found 


phenyleyclohexane w 
diphenylhexatriene has been 
better than any other solutions for us¢ 
with the 5819 multiplier. It 
ibout 40° 
beaker than the pure terphenyl-phenyl- 


with the 


gives 


highe r pe aks in a silver 


evelohexane solution same 


solution Compared to an- 


depths of 
thracene, the integrated inte nsity meas- 
urements gave about five times larger 
anthra- 


peak height 


smaller 


readings than a one-inch cube 
eryvstal, although t he 
still 


anthracene. T1 The su- 


readings were SOE what 


than those of 


periority of the solution over the anthra- 


ndebted to Miss Miriam Sidran f 


ements 


cene crystals for integrated intensities 
results from the larger amount of mate- 
rial which can be used with solutions 
since large clear crystals are difficult to 
Also, the reflectivity of the 
container for the light emitted by this 


in ike. 


solution can be made relatively high, 
ind thus the light emitted in the solu- 
tion by parts remote from the multiplier 
W indow Is record d. 

With the help of the method of shift- 
ng the spectral distribution of solutions 
to the visible by the addition of small 


imounts of a second solute, effective 


solutions of nearly any spectral range 


in the visible can possibly be achieved. 
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Relative Efficiencies of Single-Solute Fluorescent Liquids 


foncent 
; ; 
‘ qm é 


2-Amino-p-cymene* 
Pure Solvent 0.001 
r Naphthvlaminet 2 
2-Amino-dimethylbenzene 
Pure Solvent 
y Naphthvlaminet 1 
4-Amino-1, 3 dimethylbenzene 
Pure 0.001 
a Naphthylaminet l OOS 


Aniline 


O00 


0.002 
0.011 


Solvent 


OO7 


OO? 





» 001 


uoranthenet 


Fl 2 
Naphthalene 100 003 


a Naphthylaminet K | O31 
3-Naphthyvlamine$ 2 O02: 
Phenyl a-Naph- 
thvlamine 10 030 
Benzalacetone 
Pure Solvent 001 
Phenyl a-Naphthy |- 
amine 1-5 001 
Benzaldehyde 
Solvent 003 
| a-Naph- 


ine 0.25-1 003 


Pure 
Phen 


Benzalmethylamine 

Pure Solvent 003 
Phenyl a-Naph- 

thyvlamine o-% 0035 


Benzene 
Pure Solvent 0.010-0.012 
zen Benzene 
~O° C OSO 
thracene ‘ 071 
thranilic Acid 19 
Carbazolet é 096 
C'yclohexene { 009 
Diphenyl O17 
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0.031 
0.007 
0.075 
0.007 
0.015 
0.058 
0.11 
0.049 
0.008 
ferone 

Naphthalene : 0.021 
a-NaphthylamineT 0.18 
n Octadex vl Al ohol 0.008 
Pentamethylbenzene : 0.024 
Phenanthrene { 0.046 
Phenol 3 0.028 
Phenyl lohexane 5 0.014 
Phenyl a-N iy h 
thvlamine 0.28 
Polystyrene$ ; 0.015 
Styrene < 0.023 
Te rpheny ] a 0.37 
0.026 


; 0.005 
4 0.039 
1.8 0.056 


Benzylamine 
0.005 
ined 10 0.018 
| 0.005 


Benzyl Ether 
0.005 
5 0.029 
S 0.051 


Butyrophenone 


0.003 


ne 0.5-1 0.003 
Carbon Tetrachloride 


0.005-0.06 
0.003 
0.005 
0.005 


0.032 
0.028 
0.017 
0.030 


0.011 
0.27 


0.008 
1 0.084 


Cyclohexene 
Pure Solvent 0.006 
Terphenyl 2 0.028 
Cyclohexanol 
Pure Solvent 0.006 
Terphenyl§ 0.3 0.011 
Cyclohexanone 
Pure Solvent 0.004 
a-Naphthylamine} l 0.004 
Cyclohexylearbinol 
Pure Solvent 0.007 
Terpheny! 0.7 0.010 
Cyclohexylamine 
Pure Solvent 0.003 
a-Naphthylamine$ 1.5 0.004 
Cyclopropy! Methyl! Ketone 
Pure Solvent 0.005 
Phenyl a-Naph- 
thylamine | 0.003 
p-Cymene 
Pure Solvent 0.010 
Anthraniliec Acid 0.17 
Carbazolet f 0.050 
o-Diphenylbenzene' : 0.007 
Diphenylbutadiene  : 0.11 
Durene 5-' 0.010 
Fluoranthenet 0.11 
Naphthalene§$ 0.015 
a-Naphthylaminet ; 0.091 
Pheny! a-Naph- 
thylamine 0.13 
Terpheny! 3 0.24 
Dibenzylamine 
Pure Solvent 0.004 
a-Naphthylaminet 15 0.011 
Di-iso-butylene 
Pure Solvent 0.008 
Terpheny! l 0.023 
p-Dioxane 
Pure Solvent 
Anthracene 0.031 
Anthranilie Acid 0.14 
Benzilmonoxime 0.004 
Benzimidazole ; 0.010 
Carbazolet 5 0.066 
m-Diphenylbenzene 0.14 
Durene 0.011 
Fluoranthenet 0.07 
Fluorscein 0.004 
Naphthalene§$ 0.014 
a-Naphthylaminet 0.15 
Phenyl a-Naph- 
thylamine j 0.12 
Piperazine 0.007 
Potassium Uranyl 
Sulfate 0.007 
Terphenyl 10 0.2: 
‘ontinued on next page) 
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0.005—0.007 





Relative Efficiencies of Single-Solute Fluorescent Liquids (Continued 


Approrimate 
Varimum 
Relative 
Intensity 


Concentration 
Solute (gm /liter 
p-Dioxane(Continued 
Uranium Nitrate 1 0.006 
Uranyl Acetate l 0.003 
Xylene 10 0.008 
Di-n-butylamine 
Pure Solvent 
a-Naphthylaminet e 
Terphenyl ] 5 
Di-n-butylaniline 
Pure Solvent 
a-Naphthyvlaminet ) 
m-Dichlorobenzene 


Pure Solvent 


0.007 
0.010 
0.005 


0.002 
0.013 


0.006 
rerpheny! 15 0.05 
o-Dichlorobenzene 
Pure Solvent 0.007 
lerphenyl 12 0.024 
Diethyl a-Naphthylamine 
Pure Solvent 
a-Naphthylaminet 1-5 
Diethyl-o-toluidine 
Pure Solvent 0.007 
a Naphthylaminet 5 0.040 
Dimethyl Aniline 
Pure Solvent 0.016 
a-Naphthylaminet 3 0.092 
Dimethy! a-Naphthylamine 
Pure Solvent 
Dimethylbenzylamine 
Pure Solvent 
a-Naphthylaminet 1 
Dimethylnaphthalene 
Pure Solvent 
Dimethyl-o-toluidine 
Pure Solvent 
a-Naphthvlaminet 7 
Ferpheny! 9 
Dipentene 


0.028 
0.027 


0.001 


0.004 
0.004 


0.001 
0.011 
0.077 


0.031 


0.006 
0.012 


Pure Solvent 
a-Naphthylaminef 1 
Diphenylmethane 
Pure Solvent ° 
a-Naphthylaminet 6 


Diphenyl Oxide 


Pure Solvent 


0,009 
0.034 


0.043 
0.37 
0.043 


Diphenylhexatriene 

Durene 

Phenyl a-Naph- 
thvlamine 

Terphenyl 


0.458 


0.52 





n-Dodecane 
Pure Solvent 009 
Cerpheny! 1.5 066 
iso-Durene 
Pure Solventtt O13 
Perpheny!l 46 


4 
Ethyl Alcohol 


Pure Solvent 00S 
Anthracene 0.5 .005 
Carbazole 0.5 .007 
Fluorscein 0.1 .003 
Naphthalene 40 OOS 
Ethyl! Ether 
Pure Solvent 0.006-0.008 
Anthracene 0.5 0.004 
b luorescein 0.1 0.004 
Terpheny] 2 0.014 
n-Heptane 
Pure Solvent 0.006-0.007 
Phenol : 0.005 
Terphenyl e 0.058 
Xvlene j 0.007 
n-Hexadecane 


Pure Solvent 0055 
a-Naphthylaminet 3 025 
lerphenyl 2 12 
Hexane 
Pure Solvent 008 
Anthracene 5 OLS 
Benzene§ OOS 
Durene§$ é O11 
Naphthalene§ O15 
a-Naphthylaminet ‘ O16 
Terphenyl 049 
Ligroin 
Pure Solvent 008 
Durene 3 O11 
lerphenyl§ l .O83 
Mesitylene 
Pure Solvent 005 
Anthracene 1.2 029 
Carbazole 0.4 006 
rerpheny!l 5 036 
Methyl! Benzoate 
Pure Solvent 004 
Phenyl a-Naph- 
thylamine l 003 
2-Methylbenzothiazole 
Pure Solvent 
Phenyl a-Naph- 
thylamine 1-5 0.001 
2-Methylbenzoxazole 
Pure Solvent 
Phenyl a-Naph- 
thylamine 13 


0.001 


0.007 


0.093 
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0.001 


10 0.024 
Morpholine 

Pure Solvent 0.005 

x-Naphthylaminef 2 0.007 
Naphthalene Monobromide 

0.004-0.005 
0.004 
0.004 


Pure Solvent 
Anthracene l 
rerpheny!l 0.5 
a-Naphthyl Ethyl Ether 
ilvent 0.006 
l 0.005 
n-Octane 
0.009 
l 0.075 
Paraffin Oil 
0.013 
raceney 1.5 0.029 
Carbazolet 0O.5 0.034 
Carbazols 0.4 0.025 
Durene§ 5 0.021 
Naphthalene§$ 10 0.019 
Terphenyl$ 0.5 0.045 
Xylene 120 0.030 
Phenetole 


> Soivent 


0.016-0.017 
0.071 
0.22 
7 0.11 
0.15 
0.096 
0.017 


Pure Solvent 
nthracene 
Anthranili 


Carbazolet 


Acid 
m-Diphenylbenzene 60 
Diphenylbutadiene 
Durene 

Fluoranthene? 
a-Naphthylaminet 
Phenyl a-Naph- 


thylamine 


Phenylcyclohexane 
nt 0.020-0.017 
0.12 
0.28 
0.24 
0.24 
0.067 
0.031 
0.16 
0.33 
0.28 


ven 


Anthraniliec Acid 
m-Diphenyl benzene 
Diphenylbutadiene 
Durene 
iso-Durene 
Fluoranthenet 
a Napl t! 
BeN iphthylan 
r- Naphthyl- 
0.050 
0.0S4 


0.42 
0.52 


0.20 


Diphenylhexatriene 0.36 
Pure Solvent 
(practical) 
Phenyl a-Naph- 
thylamine 2 0.24 
Terphenyl$ 1 0.10 
Phenylethylene Oxide 
Pure Solvent 
Phenyl a-Naph- 
thylamine 10 
B-Phenylethylamine 
Pure Solvent 
Phenyl a-Naph- 
thylamine 1-5 0.003 
dl-a-Phenylethylamine 
Pure Solvent 
Phenyl a-Naph- 
thylamine 1 4 0.003 
n-Propyla 


0.029 


0.003 


0.006 


0.003 
0.004 


Pure Solvent 0.006 
Phenyl a-Naph- 
thylamine 30 
n-Propy! Aniline 
Pure Solvent 
Phenyl a-Naph- 
thylamine 1-5 <0.001 
p-iso-Propylbenzaldehyde 
Pure Solvent 
Phenyl a-Naph- 
thylamine 


0.018 


<0.001 


0.002 


1-5 0.002 
n-Propylbenzene 
Pure Solvent 
Phenyl a-Naph- 

thylamine 6 
iso-Propylbenzoate 
Pure Solvent 
Phenyl a-Naph- 
thylamine 1-5 0.003 
Pyridine 


0.004 


0.050 


0.004 


0.005 
0.002 
0.003 
0.005 


Pure Solvent 

Anthracene 0.2 

Dihydrocollidine 0.2 

Naphthalene 40) 
Pyrrole 

<0.001 

<0.001 


Pure Solvent 
a-Naphthalene 3 
Quinoline 
0.003 
0.003 


Pure Solvent 

Terpheny!] 0.5 
Styrene 

0.006 

0.008 

0.006 


Pure Solvent 
Terphenyl§ & 
Anthracene 1. 
Tetrahydrofuran 
Pure Solvent 0.007 
Terpheny! 13 0.035 
Continued on next page) 
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Relative Efficiencies of Single-Solute Fluorescent Liquids (Continued 


, Benzalat il! - 
“Pp orimale ' onal 0.003 
faximum Senzalaniline 0.003 
5 Benzalazine ‘ 0.003 


Sotute gm, Lite fensu 
g senzamide } 0.012 


7 ah ams Jenzanilide 0.006 
Tetrahydronaphthalene 1 2-Bensanthracene 0.043 
Pure Solvent 7 Jenzanthraquinone 003 
Anthranilic Acid i) Jenzene 024 
Fluoranthene u Jenzoic Aci 009 
a-Naphthylamine - Benzoic Ac 
Phenyl a Nap! hvdride O07 
5 Jenzoin 006 
5 25 Benzyl-a-Naph 
Toluene thyl Ether 037 
Pure Solvent 0.012-0.015 Benzyl Ether O12 
Anthracene ; 0.081 Benzylamine f O12 
Anthranilic Acid f 0.20 CarbazoleT 12 
Carbazolet § 0.098 Carbon Tetrachlo- 
Carbazole 2 0.066 ride : OOS 
Durene O38 ‘arotene ; 002 
Fluoranthene} 3 12 -Chloronaphthal 
Naphthalene 020 ene 2 O14 
a-Naphthylamine4 19 ‘innamalazine d 003 
Phenanthrenet Ob ‘yclohexane O18 
Phenyl a-Naph- ‘yclohexanol .020 
thylamine . yclohexanone O10 
lerphenyl 4 $2 yclohexene 013 
m-Toluidine ‘vyelohexylearbinol 5 ; O16 
Pure Solvent 001 yelopropyl 
a-Naphthylaminet i) 020 Methyl Ketone ‘O10 
2,2,4-Trimethylpentane p-Cymene O11 
Pure Solvent O11 Di-iso-butylone One 
: : Di-n-butylamine 013 
lerpheny! v0 0.032 Di-n-butylaniline§ 055 
Distilled Water Dibenzoylmethane ‘ 004 
Pure Solvent (dou- Dibenzyl§ O15 
ble distilled UUY Dibenzalacetone § .003 
Fluorscein ‘ 003 Dibenzylamine O11 
Potassium Uranyl I Dichlorobenzene 012 
Sulfate | O05 o-Dichlorobenzene O11 
{ ranyl Acetate 1 004 Dichtoronaphthal- 
Uranyl Nitrate l 0.005 ene (technical f 010 
Xylene Diethyl-a-Naph- 
Pure Solvent — 20.017 thylamine : Ll 
Acridine 0.5 0.004 Diethyl o-toluidine { .042 
2-Amino-p- Dihydrocollidine 004 
Cy mene 0.009 Dimethyl a-Naph- 
2-Amino-1,4-Di- thylamine 10 
methyl benzene § 0.010 Dimethyl-O-tolui- 
4-A mino-1,3-Di- dine f 04 
methyl benze1 ‘ 0.010 limethylamine 
Aniline 2 0.035 hvdrochloride 3 O17 
Anthracene 0.09 Dimethylbenzyla- 
Anthranilie Acid 0.23 mine § 0.013 


Azobenzene { 0.001 Dimethylaniline a 0.072 


(‘oncentrattor 





Benzacetophenone § 0.003 Dimethylnaphtha- 
Benzalacetophen lene <1 0.037 
one Dibromide é 0.006 Dimethyoxidiene 0.028 
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OLS 


027 


O15 
O24 
20 
O13 
027 
15 
Ol2 
24 
O15 


021 
O15 
OLS 
O25 
13 
056 
004 
003 
OLS 
O12 
O12 
Ol4 
O11 
060 


O44 


21 
008 


009 


OL0 


005 
O07 
O14 
023 
O24 


006 
O64 
10 
001 
036 
O57 
025 
002 
067 


004 


di-8-Naphthyl 

p-Phenylenedia 

mine ‘ 0.034 
a-Naphthy!l 

Methy! Ether 0.032 
N-(1-Naphthyl)- 

ethylenediamine 

dihydrochloride § 0.018 
a-Naphthylaminet 0.24 
B-Naphthylamine} 0.19 
n-Octadecane 0.020 
n-Octadecyl Alcohol 5 0.016-0.017 
n-Octane 0.019 
Pentamethyl benzene 0.013 
Phenanthrene 0.07 
Phenetole 3 0.029 
Phenol 0.013 
Phenyl a-Naph- 

thylamine 0.31 
Phenyl! 8-Naph- 

thylamine 0.10 
m-Phenylenedia- 

mine 3 0.009 
p-Phenylenediamine 0.029 
8-Phenylethyl cin- 

namate 0.007 
Piperazine < 0.014 
Polystyrene 0.013 
Pyrene 0.11 
Pregneninolene : 0.013 
Pyridine f 0.006 
Pyrrole : 0.011 
trans-Stilbene 3 0.046 
Styrene } 0.009 
Terpheny! (p-Di- 

phenyl benzene) ‘ 0.46 
1,2, 1,5-Tetrac hlo- 

robenzene ‘ 0.009 
Tetrahydro- 

naphthalene 0.012 
Tetr apheny leyelo 

pentadiene§ 3 0.013 
Tetraphenyltin : 0.013 
Toluene oe 0.017 
m-Foluidine 3 0.030 
2,4,5-Triphenyl-3 

|p-N(CHs) 3] 

Pheny ley lopen- 

tadiene§ f 0.005 
Triphenylamine 0.031 
Triphenylmethane 0.012 
2,2,4-Trimethyl- 

pentane 3 0.017 
Xanthone 0.008 


+t Substance has been additionally purified. 
t Solvent has become oxidized. 
§ Not necessarily maximum 


** Different batches from the same company 
+t Bureau of Standards 
tt Maximum of sharp rise 











Some Aspects of the 
BEHAVIOR OF CARRIER-FREE TRACERS—II* 


Because the amounts of material involved are so minute, 
carrier-free tracers make interesting subjects for study. 
Discussed here is their deposition on ionic precipitates, 


charcoal, and ion-exchange resins. 


Oxidation-reduction re- 


actions, ion charges, and macro extrapolation are explained 


By NORMAN A. BONNER and MILTON KAHN 


Washington University 
St Louis Vi sour. 


In Part I of this article, 


MV exico 
Me rio 


ly tversuy of Neu 
Albuquerque, Neu 


it was pointed out in connection with studies of the 


behavior of carrier-free tracers that the measured quantity is always the fraction 


of tracer that is carried, extracted, oxidized, deposited, etc. 


Part 


mixed-crystal formation, 


leseribed in 


precipitate formed in the 


ind internal adsorption. 


presence ot t} 


The carrying processes 


I included isomorphous replacement, adsorption, anomalous- 


They implied carrying by a 


tracer (coprecipitation). Carrying by 


preformed precipitates is considered in the section that follows. 


DEPOSITION ON PREFORMED, NONMETALLIC SOLIDS 


Ine luded 


idsorption and absorption of carrier- 


here is a discussion of the 


free tracers from aqueous solutions by 


preformed, nonmetallic solids. Deposi- 
on of tracers on metals through elec- 


considers d 


trochemical reactions is 
later As a matter of convenience, the 
liscussion has been divided into three 
iccording to the nature of the 
lid. The 


bon 


purts 


solids conside red 


types of 
precipitates, (>) charcoal, 


nd (¢) ion-exchange resins. 


Deposition on lonic Precipitates 
Although the 


» 


most efficient Carrving 
tlly obtained when a precipitate 


is formed in the presence Of a tracer 


coprecipitation), a sizable fraction of a 
tracer may frequently be removed from 
iddition of a 


solution by 


pre formed 


precipitate The 


40 


larger the surtace 


area of the precipitate the better the 
tracer will be carried since, regardless 
of the carrying mechanism, the tracer 
must contact the precipitate at its sur- 


face. As in coprecipitation, the rela- 


tive importances of other factors on the 


efficiency of carrying—such as_ the 


charges of the precipitate and tracer, 
the solubility of the compound between 
the tracer and the oppositely charged 
lattice ion, and the time of contact 

depend to a large extent on whether or 
not the tracer ion can fit into the crystal 


1 this article, of which this is 
has been taken from 
s of e forthcoming book “* Radio- 
Apphed to Chemustry Arthur C. 
editor, and Norman A. Bonner, assistant 
editor John Wiley & Sons, Inc New York, 
1Y51 
t Part I, which explained various methods 
of coprecipitation, appeared in the February 
NUCLEONICS he figure, table, and equation 
numbers in Part II are continued from Part I. 
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precipitate. For this 


irryving processes are 
Ex- 


ad- 


r-ton 
rapidly 
hanging with the counter- 
in the outer part ol 

e layer surrounding 


tracer 18 


The 


is Re plac ement 


ily adsorbed by eX hang- 
ice ions on the surface of 
j 


is then slowly incorpo- 
lattice during 


the 


he crystal 


recrystallization of 


need not fit into the lattice 
of the first 


ration process, 


mixed-erystal isomorphism 1s re- 


second. Here, as for co- 


pit: it is not always possible 


I 


inte between the adsorption 


and lattice replacement processes. 


Since the ¢ the electric 


oncept of 
double laver of colloid chemistry is used 


he following discussion, a_ brief 
account of it is included here. 

The electric double layer (29-33 
It was first shown by A. Lottermoser 
34) that silver-halide colloids acquire a 
positive charge when suspended in a 
solution containing an excess of silver 
ions and a negative charge when in a 
solution containing an excess of halide 


ions The charge on these colloidal 
particles is inferred from their migra- 
field &nd 
explained by the concept of the electric 
double layer. 


Consider, for example, the negatively 


tion in an electric can be 


charged particle of silver iodide dia- 


grammed in Fig. Il(a Presumably 
what has happened is that some iodide 
ions have attached themselves to active 
spots on the silver iodide surface (29). 
In the immediate vicinity of the nega- 
tively charged surface there is an ac- 
cumulation of potassium ions to balance 
the chargé Because of their thermal 
energy, the majority of these potassium 
ions will be in a diffuse layer rather than 


in a plane parallel to the negatively 
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unter - rons) 


(a) Agi sol in excess KI Ag! eol in excess AgNO, 


FIG. 11. Schematic diagrams of the 
electric double layer on charged silver 
iodide particles 


charged surface. However, a small 
fraction of the potassium ions may be 
considered to be in a rigid layer near 
the negative surface. The iodide ions 
that reside on the surface of the silver 
iodide particle constitute the inner por- 
tion of the double layer and are referred 


The 


potassium ions constitute the outer por- 


to as potential-delermining tons. 


tion of the double laver and are referrred 
The extent of the 


double layer is the order of several 


to as counte r-ions 


Angstroms (35), 

It is important to note that, if an ion 
can fit into the crystal lattice, it can 
function as a potential-determining ion; 
otherwise it Thus bromide, 
chloride, and thiocyanate ions are poten- 


cannot. 


tial-determining ions for silver iodide, 
but phosphate ion, whose silver salt does 
not form mixed crystals with silver 
iodide, is not. 

The foregoing picture of the electric 
double layer qualitatively explains why 
a silver iodide precipitate separated 
from a solution containing excess potas- 
sium iodide is always contaminated with 


iodide. If 


ions, such as sodium ions, were present 


potassium other positive 
in solution, they would compete with 
the potassium ions for positions in the 
outer layer, and, when separated from 
the solution, the silver iodide would 
be contaminated with sodium iodide as 


41 








Thus adsorp 


tion of cations on a negatively 


Vell as potassium iodide. 
charged 
precipitate and adsorption of anions on 
charged 


t positively precipitate can 


occur by means of the rapid exchangs 


between the ions in solution and the 
counter-1ons. 


idsorbed 


s a counter-ion depends on its 


rhe amount of a given ion 


to compete with other ions in solution 
1 positions in the outer part of the 


the 


the counter-lons are 


ble laver since forces acting 


mostly electro 
static in nature, * the following proper- 


{ an ion favor its adsorption: high 


charge, high polarizability, small size, 


low hydration energy and high 


centration Highly charged ions 


polar Ze or are polarized hy the poten 


tial-determining ions compete strongly 


lor positions in the outer part of the 


laver because ot their strong 


ctrostatie and dipole Interactions 


potential-determining ions 


iso he Ips by 


allowing it 


CLOSE approach The important para- 
hydrated 


the hydration energy is 


meter | ustally the ionic 
radius, but, af 
allow 


sufficiently small to 


I partial de- 
hydration on close approach, the crystal 
onic radius may also be of importance 
It is obvious that the foregoing factors 


Thus 


ged ion will have a high hydration 


ire not independent. a highly 


energy and a large hydrated ionie radius 
as well as a large polarizing influence on 


High 


favors its 


the potential-determining ions. 
concentration of an ion 
idsorption by shifting the position of 
the equilibrium between this ion in solu- 
tion and another ion in the outer layer. 

Adsorption via counter-ion exchange. 


studies by K. Fajans (36-39 


©. Hahn (40, 20, 41), F. 


| irly 


> / , 
Paneth (42-44 


ind their co-workers of the adsorption 


of carrier-free tracers on preformed 1onic 


precipitates resulted in the following 

* Covalent forces may come into pl 
a c least partially 
hydrated in being adsorbed in the rigi a 
the outer layer 


42 


when 
ie- 


rt of 


inter-ion has been at 





KO + 0004/ HNO, 








8 he 
ncentrahon (mullkenotes per liter) 


FIG.12. Adsorption of thorium B (Pb?!? 
on negatively charged silver bromide; 0.4 
gm AgBr shaken 15 min with 25 ml of 
solution. |[K. Fajans, T. Erdey-Griz (39)| 


Haude won 


rules, which are quoted from ‘Applied 
148, by Otto 
Hahn, published by Cornell University 


Press, 1936 (] 


Radiochemistry,” 


page 


(1) *“‘An ton in aqueous solution is 
adsorbed salt-like ad- 
sorbent if the latter has a lar 


and if the ion 
oppositely charged lattice-ion 


eadily upon a 
ge surface 
development combines 
with the 
to forma compound that is dissolved or 
dissociated with very great difficulty.” 


(2) ** The adsorption of a cation is 


increased by adsorbed anions, t.e., by a 
it is de- 
eased by the adsor ption of other cations, 


negative charge on the s irface; 


i.e., by a positive charge on the surface 


and vice versa. 


Thus these workers recognized the 


importance of the surface area and 
charge, which were seen in the foregoing 
discussion of the electric double layer to 
the counter-ion ex- 


The 


solubility stipulation stated in rule 1 


be important in 


change mechanism of adsorption. 


seems to be a convenient way of lump- 
ing the effects due to charge, polariza- 
tion, size, and hydration energy. If 
these properties of the tracer and Op- 
positely charged lattice ion result in a 
strong interaction that leads to an in- 
soluble compound or stable complex, 
this 
probably leads to adsorption in the 
rigid part of the outer layer. The fol- 
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same strong interaction most 








TABLE 5 
Adsorption of ThB (Pb*'*) on AgBr 


0.4 gm AgBr shaken 15 min with 25 ml of 
0.004 f HNOs solutions containing ThB 
and various electrolytes. 


K. Fajans and T. Erdey-Griaz (39) | 


Thoriu m B 
adsorbed 


Villimoles 


} 
per liter 


67* 
69* 


increase in the amount ol 

ed takes place because the 

yvdrogen ion concentration, 

It of the hydrolysis of CrOs-, 

id formation his was indi- 

val of thorium B from these 
rdinary sea sand 





lowing 


examples are illustrative of 
adsorption via counter-ion exchange. 

K. Fajans and T. Erdey-Griiz (89 
prepared some very pure silver bromide 
amounts of 


by allowing equivalent 


silver ion and bromide ion to react. 
The precipitate was washed many times 
then dried over con- 
The silver 


with 


with water and 
sulfuric acid. 
shaken 
various electrolytes 
Pb?!? The results are 
12 and Table 5. 


It isseen that with increasing bromide 


centrated 
bromide was solutions 
containing and 
thorium B 


shown in Fig 


ion concentration the amount of tho- 
rium B adsorbed increases. This is in 
accord with the counter-ion exchange 
mechanism, the negative surface charge 


increasing with increasing bromide ion 
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concentration. Since chloride ion can 
fit into the silver bromide lattice, it can 
act as a potential-determining ion and 


consequently gives rise to a double 


layer, hence the increase in amount of 
thorium B adsorbed with increasing 
potassium chloride concentration. lo- 
date, sulfate, oxalate, acid phosphate, 
and chromate ions do not fit into the 
silver bromide lattice and, consequently, 
cannot function as potential-determin- 
ing ions. Therefore, the charge on 
the silver bromide surface in the pres- 
ence of these ions is essentially zero— 
therefore, the lack of adsorption of 
thorium B. 

The decrease in the amount of thorium 
B adsorbed, which was observed when 
the hydrogen ion concentration was in- 
creased, may have been due to the in- 
creased competition of hydrogen ion 
with thorium B for positions in the 
outer layer, or it may have been due to 
the decrease in the silver bromide sur- 
face due to the of the 
recrystallization process in acid solution. 

L. Imre (2/) investigated the adsorp- 
tion of thorium X (Ra***), mesothorium 
2 (Ac?*8), and thorium B (Pb?!?) by the 
silver halides. The silver halides were 
shaken for several minutes in solutions 
containing the radioactive 
nuclides, separated from the solutions 
membrane, 


The 


acceleration 


various 
by filtration through a 
and analyzed for their activity. 
results are shown in Table 6. 

It is seen that thorium X and meso- 
thorium 2, whose halides are soluble, are 
adsorbed to a smaller extent than tho- 
rium B, whose halides are slightly 
soluble. Also mesothorium 2, having a 

+3 charge, is adsorbed to a larger 
extent than thorium X, which has only 
a +2 charge. The fractions of meso- 
thorium 2 and thorium X adsorbed vary 
in a regular manner, increasing with the 
decreasing solubility of the silver halide. 
This may be due in part to the greater 
polarization effect that Act** and Ratt 
have on the heavier halide ions, the 
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TABLE 6 
Adsorption of ThB (Pb*'*), MsTh, (Ac***), and ThX (Ra***) on Silver Halides 


0.0003 mole of AgX shaken several minutes at 0° C 
0.015 f X~, 0.005 f H*, 


{L. Imre ¢ 


% Thorium B 
Silver Halide Adsorbed 
AgCl 62.2 
AgBr 93.8 
Agl 78 


with 20 ml solution 
0.03 f K*. 
?] 


Thor tum X 
Adsorhed 


Vesothorium 2 % 
Adsorhbed 


26 0.45 
7 3.05 
2 7.9 





polarizability of a halide ion increasing 
with increase in size of the ion, and in 
part due to the larger negative charge 
built upon the precipitate by the greater 
adsorption of the heavier halide ions. 
This 
thorium B. 

?1, 22) also studied the adsorp- 
(Ph2!2 


on silver iodide as a 


regularity is not observed for 

Imre ( 
tion of thorium B 
thorium 2 (Ac?*8 


time. 


and meso- 


function of The suspensions of 
silver iodide were prepared by the addi- 
tion of a determined amount of silver 
nitrate to an excess of potassium iodide, 
stirred during the 


the whole being 


mixing. Two sets of experiments were 
performed. In one set the tracers were 
present while the precipitates formed, 
and the resulting suspensions were al- 
lowed to remain at 0° C for various 
lengths of time before they were filtered. 
The results of this set of experiments 
are represented by curves a and > in 


? 


Fig. 13 In the other set the suspen- 
sions were prepared in the absence of 
tracer and were allowed to remain at 
Oo © 
just prior to the filtration, the tracer 


added, 


results of this set of experiments. 


for various lengths of time; then, 


was Curves c and d show the 

The decrease with time of the per cent 
tracer carried by the preformed precipi- 
tates, curves c and d, is an indication 
of the decrease of the surface area of 
silver iodide due to recrystallization. 
The similarity of curves > and d is an 
indication that the coprecipitation of 
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mesothorium 2 with silver iodide is due 
strictly to surface adsorption and that 
‘internal adsorption”’ does not occur, 
presumably because mesothorium 2 is 
adsorbed mainly in the diffuse part of 
the outer layer and is pushed in front 
of rather than being trapped by newly 
formed layers. The increase with di- 
gestion time of the per cent thorium 
B coprecipitated is an indication that 
thorium B is trapped (‘‘internally 
adsorbed’’) in the recrystallizing silver 
iodide precipitate, presumably because 
it is tightly adsorbed in the rigid part 
of the outer layer because of the strong 
interaction between lead ions and iodide 
ions that results in the insolubility of 
lead iodide. 

Deposition via isomorphous replace- 
ment. Although most of the experi- 
mental carrying 


results concerning 


I'y preformed ionic precipitates are 


consistent with the counter-ion-ex- 


change mechanism just discussed, some 


arenot. Forexample, radium is carried 


by preformed barium sulfate even from 


solutions containing excess barium ion, 
which charges the surface of barium 
sulfate positively. Carrying in this 
case is due to the isomorphous replace- 
ment of barium ions in the lattice by 
radium ions. 

The ions on the surface of a precipi- 
tate in contact with its saturated solu- 
tion are constantly exchanging with the 
Normally, this ex- 
rapidly, being 


ions in solution. 


change occurs. very 
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essentially complete in several minutes. 
The further exchange between the ions 
in solution and on the surface and the 
ions in the interior of the precipitate is 
relatively slow because there is essen- 
tially no diffusion of ions in a well- 
formed crystal lattice at ordinary,tem- 
peratures, and exchange can occur only 
as fast as recrystallization occurs. 

If there are present in solution ions 
that fit into the erystal lattice and that 
are not isotopic with the lattice ions, 
these ions will compete with the lattice 
ions for positions in the surface layer 
and will thus be adsorbed. This proc- 
ess is sometimes called exchange adsorp- 
lion These adsorbed foreign ions will 
be incorporated slowly into the erystal 
lattice as the recrystallization process 


proceeds. Thus, carrying by isomor- 


Apparently mixed-crystal isomorphism is 
not always necessary for the occurrence of 
exchange adsorption. For example, I. Kolthoff 
and E ll (47) have shown that iodate, 
sulfate, and hydroxide ions can replace oxalate 
surface of calcium oxalate mono- 
and that barium and manganese ions 
can repiace the calcium ions. Also, Kolthoff 
and C. Rosenblum (48) have shown that the 
dye Ponceau 4R 


Sande 


ons on the 
hydrate 


on the surface of lead sulfate by the 

dsorption process, two molecules of 

replacing three sulfate ions, presumably 

by incorporation of some of the sulfonate groups 
irface layer of the lattice 

This phenomenon may be related to the for- 

mation of anomalous mixed crystals. Possibly, 

tracer ions, which in macro amounts do not fit 

into the crystal lattice, are sufficiently similar 

) one of the lattice ions to replace it in the sur- 

where size and shape conditions are 

Because of the low concen- 


into the s 


10t so stringent 
ration of the tracer ions, the crystal may grow 
almost normally, trapping some of the tracer 
ions in the lattice but not being appreciably 


t 
face layer 
t 
t 


listorted by their presence. Large amounts of 
such foreign ions in the surface of a crystal could 
not be trapped in the growing crystal without 
seriously distorting the lattice; therefore, growth 
would occur only as the lattice ion replaced the 
foreign ion in the surface during the rapid ex- 
change process Thus tracer but not macro 
amounts of foreign ions might be incorporated 
into the lattice when mixed-crystal isomorphism 
is absent 
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FIG. 13. Adsorption of ThB (Pb?'?) and 
MsTh: (Ac?**) on Agl at 20° C. Curves 
a and 6: tracer present when precipitate 
formed. Curves c and d: tracer added 
just prior to filtration. Curves a and c: 
ThB;2 xX 10°‘ mole Agl in 10 ml 0.02 /I1-, 
0.04 f H* solution. {L. Imre (46).] 
Curves } and d: MsTh:; 3 X 10°* mole 
Agl in 20 ml 0,03 /1-, 0.01 f H* solution. 
{L. Imre (21)] 


in a preformed 
precipitate consists of the rapid exchange 
adsorption process followed by the slow 
process of incorporation into the crystal 


phous replacement 


lattice during recrystallization. 

The following factors influence the 
efficiency of carrying by preformed ionic 
precipitates through the isomorphous 
replacement process. 

(1) A high concentration of the 
lattice ion of the same charge as the 
tracer interferes with the carrying of 
the tracer by shifting the equilibrium 
of the surface exchange reaction, 

(2) A large surface area of the pre- 
formed precipitate enhances the carry- 
ing by offering many surface lattice 
sites for the exchange adsorption of 
the tracer. Also, small crystals with 
large specific surfaces recrystallize 
more rapidly than large crystals, 

(3) A long contact time enhances 
carrying by allowing the recrystalliza- 
tion process to proceed. If sufficient 
time is allowed, the equilibrium distri- 
bution of the tracer between the pre- 
cipitate and the solution is obtained 
in accordance with the Berthelot- 
Nernst (homogeneous) distribution law 
(see Eq. 1 in Part I). 

(4) A high temperature, frequently 
a high acid concentration, and other 
factors that accelerate the recrystal- 
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FIG. 14. Effect of barium ion concentra- 

tion on the carrying of radium by pre- 

formed BaSO,; 0.3 gm BaSO, (precipi- 

tated cold and ignited) refluxed 20 hours 

in 80 ml aoe” | HCl. [H. Doerner, W. 
oskins (3)] 


lization process enhance carrying of 
the tracer. 

The results, shown in Figs. 14, 15 and 
16, of H. Doerner and W. Hoskins’ (8 
investigations of the carrying of radium 
Irom aqueous solutions by preformed 
sulfate are illustrative of the 
effects. Hos- 
kins mixed a given amount of barium 
10 ml of a standardized 
radium-barium chloride 
luted the mixture to 80 ml with distilled 


barium 


foregoing Doerner and 
sulfate with 


solution, di- 


water or hydrochloric acid, and refluxe: 
They 
then filtered the barium sulfate from the 


it for a definite period of time. 


hot solution and analyzed the filtrate for 
its radium content. 

Figure 16 shows, in addition to the 
per cent radium carried, the amount of 


barium chloride adsorbed, which was 
a chloride analysis of 


The 


amount of adsorbed chloride ion, which 


determined by 
each barium sulfate precipitate 


is adsorbed as a counter-ion on the posi- 
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FIG. 15. Effects of time and specific 
surface on the carrying of radium by pre- 
formed BaSO,; 0.46 gm BaSO, refiuxed 
in 80 ml 0.006 f HCl, 5.85 x 10°‘ / BaCl. 
Curve a: BaSO, precipitated cold (large 
specific surface). Curve ): BaSO, pre- 
cipitated hot (small specific surface). 
[H. Doerner, Ww. Hoskins (3)] 


tively charged barium sulfate and is not 
incorporated into the crystal lattice as 
recrystallization progresses, is a meas- 
ure of the extent of the surface area 
of the precipitate. The small specific 


surface, as indicated by the small 
amount of barium chloride adsorbed, at 
the higher hydrochloric acid concen- 
trations shows that considerable recrys- 
tallization occurred, resulting in carry- 


ing of a large fraction of the radium. 


OXIDATION-REDUCTION 


A consideration of the oxidation- 


reduction reactions of a carrier-free 


the possible 


oxidation states of the tracer, (2) the 


tracer should include (1 


potentials relating these states, and (3) 
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the rates of reaction with various oxidiz- 
ing and reducing agents. 

1) Oxidation States. There is little 
doubt concerning the oxidation states of 
many tracers because of their position in 
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the periodic table or because of the 
behavior of macro amounts of isotopic 
material. For example, in aqueous 
(Th?**) is un- 


state, 


solutions radiothorium 


doubtedly in the +4 meso- 
thorium 2 (Ac?**), ¢;Pm'48, and radium 
E (Bi? +3 state, mesothorium 
1 (Ra**) and thorium B (Pb?!?) in the 
+2 state, actinium K (Fr?*4) in the +/ 
state, and thoron (Rn??° 
However, such certain predictions can- 
not be made for all tracers; e.g., the 


> 


in the 


) in the O state. 


prediction of the oxidation state of 
polonium (Po?!) in a given aqueous 
solution is complicated by the likelihood 
of several stable oxidation states and by 
the change from non-metallic to metallic 
character in the heavier members of the 
sixth group of the periodic table. 
Carrier-free tracer studies sometimes 
yield information that may be indica- 
tive of the oxidation state of the tracer, 
is seldom con- 
For example, the isomorphous 
incorporation of a tracer in a precipitate 


but such information 


clusive. 


indicates that the charge, size, and co- 
ordination number of the carrier and 
tracer ions are similar, thus making 
possible an assignment of the probable 
However, 
mixed 
crystals, which closely resemble true 


oxidation state of the tracer. 
the formation of anomalous 
mixed crystals, may lead to erroneous 
For example, except for 
the fact that carrying does not occur in 


conclusions. 


alkaline solutions, the conclusion might 
be drawn that sodium and lead ions are 
similar because sodium chloride and 
thorium B (Pb?!? 


mixed crystals in acid and neutral solu- 


form anomalous 
tions. 
adsorption frequently gives information 
concerning the sign of the charge of the 
tracer ion and the solubility of the tracer 


The carrying of a tracer by 


compound. Both these properties are 
useful for the assignment of the oxida- 
tion The 
volatility of the tracer, its solubility in 
organic solvents, its rate of diffusion, 
the ease with which it can be oxidized 
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number of the tracer. 


and reduced, and the sign of the charge 
of a tracer ion as determined by trans- 
ference experiments are also helpful in 
the assignment of its oxidation number. 

If several oxidation states are possi- 
ble, it is sometimes difficult to know in 
which of these states the tracer in a 
given solution exists; traces of unknown 
oxidizing or reducing impurities may be 
present in amounts much larger than 
the tracer and may convert some or all 
of the tracer to an oxidation state dif- 
ferent from the one in which it was 
prepared. 

This kind of uncertainty may some- 
times be eliminated by addition to the 
tracer solution of an oxidation-reduc- 
tion “buffer”? (a mixture of macro 
amounts of the oxidized and reduced 
forms of acouple). If the buffer reacts 
rapidly and reversibly with the tracer, 
it, being in large excess over the tracer 
and trace impurities, will keep constant 
the ratio of the amounts of tracer in two 
oxidation states, the value of the ratio 
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FIG. 16. Effect of acid concentration on 
the carrying of radium and adsorption of 
barium chloride by preformed BaSO,; 
0.22 gm BaSO, (previously digested 7 
days in dilute HCl) refiuxed 3 days in 80 
ml of 1.56 « 10°° f BaClo, HCl solution. 
{H. Doerner, W. Hoskins (3)] 











depending on the 
“buffer’’ and tracer couples 
2 Pote ntials The 


potential of an oxidation-reduction re- 


value for the 


action or couple* involving substances 


at tracer concentrations may be cal- 
culated 
E°, by use of the Nernst equation 
RT 
nF 


= potential for the reaction or 


from the standard potential, 


E = E In q 


whe re E 


couple under the conditions of the 


experiment, E® = potential for the re- 


action or couple when the thermo- 


dynamic activities of all substances 
unity, & = gas constant, 


n = num- 


involved are 
- absolute 


ber of faradays of electricity involved in 


temperature, 


the reaction or half-reaction as written 
in the chemical equation, F = value of 
the faraday, and Q = product of the 


activities of the resulting substances 
divided by the product of the activities 
of the reacting substances, each activity 
raised to that power whose value is the 
coefficient of the substance in the chemi- 
cal equation 

The evaluation of Q is seldom exact 
assumptions usually being made that 

1) concentrations may be used in place 


» 


of. activities, (2) concentration of the 


tracer may be calculated from its 


radioactivity (i.e., the tracer is not 
contaminated with isotopic carrier, and 
the absolute calibration of the detec 
tion instrument is correct), and (3) the 
activity of a tracer deposited on a solid 
surface is unity. The first assumption, 
though obv iously not exact, causes but 
4s long as work 


solu- 


relatively small errors 


~~ l I or less 


is confined to dilute 


tions of electrolytes. The second as- 


sulnption may cause large errors if care 


* The convention used throughout this book 
regarding half-reaction potentials is that used 
by W. Latimer (4/), namely, a couple is written 
with the electrons on the mght-hand side of the 
equation, and the potential of the couple is 
referred to the standard hydrogen gas—hydro 
gen ion couple, a positive value for the potential 
meaning that the reduced form of the couple is 
a better reducing agent than H 
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potent ials of the 


is not exercised in the preparation of 
the carrier-free tracer, or it may cause 
little and 
isotopes of the tracer element do not 
The third appar- 
ently is sometimes reasonably good and 
This should not 
be surprising since tracers frequently do 


error if stable long-lived 


exist. assumption 


sometimes quite bad. 


not completely cover the foreign sur- 
face and there is no a priori reason that 
such tracer atoms should have the same 
activity as they would have on a surface 
of isotopic material. 

If both oxidation states of the tracer 
are soluble and both contain the same 
number of tracer atoms per molecule, 
the value of Q depends on the ratio, but 
not the absolute values, of the concen- 
trations of the two states. Therefore, 
an oxidizing agent of the same strength 
is required for the oxidation of tracer 
and macro amounts of the substance. 
If the two oxidation states do not con- 
tain the same number of tracer atoms 
per molecule or if one of the states is a 
solid, @ depends on absolute values of 
the concentrations, so that the strength 
of the oxidizing agent required varies 
with the tracer concentration. 

Values for the potentials of couples 
involving carrier-free tracers may be 
measured directly and, if desired, ex- 
trapolated to the E® values, the same 
assumptions being made as for the re- 
Approximate po- 
metal ion 


verse extrapolation. 
tential 
couples may be obtained in two ways. 

1) A solution of the tracer ion may be 
containing 


values for metal 


mixed with a solution 
macro amounts of another metal ion in 
contact with its metal, and the deposi- 
tion of the tracer measured. A series of 
such chemical deposition experiments 


with various metals fixes the approxi- 


mate position of the tracer couple in the 
(2) A tracer solu- 


electromotive series. 
tion may be electrolyzed between inert 
electrodes, and the rate of deposition of 
the tracer measured at various applied 


voltages. 
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The potential of the cathode is also 
measured against a standard half-cell in 
The 
(referred to the 
standard half-cell) at which appreciable 
deposition begins is called the critical 
deposition potential and has been used 
This 


method has also been applied to couples 


contact with the tracer solution. 


electrode potential 


in the estimation of E° values. 


involving a soluble ion and an insoluble 
and 
deposition of lead(I1) ion on the anode, 
presumably as PbO». 


compound, e.g., the oxidation 


Potentials for couples in which both 
oxidized and reduced forms of the tracer 
are soluble can be estimated after it has 
been determined which of a number of 
oxidizing and reducing agents are capa- 
ble of converting one oxidation state of 
the tracer to the other. It is usually 
assumed that equilibrium is established 
between the two forms of the tracer and 
the oxidation-reduction buffer and that 
the test for the oxidation state of the 
, coprecipitation of one, but 
not the other form) does not shift the 
equilibrium. 

3) Reaction Rates. The rate of re- 
action of a substance at tracer concen- 


tracer (e.g 


trations is not always predictable from 
the rate of reaction of macro amounts 
(It should be 
noted again that it is nearly always the 


of the same substance. 


fraction of tracer reacted or unreacted 
that is measured, not the absolute 
amount, so that the rate of reaction of a 
tracer is usually expressed in per cent, 
rather than in the number of moles or 
moles per liter, reacted in a given time.) 
If the concentration of the tracer sub- 
stance enters the rate law to a power 
other of reaction 
expressed as per cent reacted), and 
possibly the mechanism by which it 
will be different when it is 
present only in tracer amounts than 
when it is present in macro amounts. 
If in the macro rate law the concentra- 
tion of the tracer substance enters to the 


second power, the rate of the reaction 
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than one, its rate 


reacts, 


will decrease as the concentration of the 
tracer substance is diminished. 

At very low concentrations the rate 
of the reaction occurring via the ‘‘sec- 
ond-order”’ mechanism (e.g., collision of 
two molecules of the tracer substance as 
the rate-determining step) may be so 


small that the reaction occurs princi- 


pally via another mechanism (e.g., one 
in which a collision between two mole- 
cules containing tracer is not required) 
that made no measurable contribution 
If the sub- 
stance is a dimer and its concentration 
enters the macro rate law to the one-half 
power, the rate will be greater for 


at macro concentrations. 


tracer than for macro amounts, a larger 
fraction of the dimer being dissociated 
into the reactive monomer species at the 
If the substance 
contains but one tracer atom per mole- 
cule and its concentration enters the 
macro rate law to the first power, the 
rate will be the same for tracer and 
macro amounts, provided that (1) the 
other reactants are present in both cases 
in large excess so that their concentra- 
tions do not change during the course 
of the reaction and (2) the products of 
the reaction take no part in the reaction, 

In a given solution the rate of disap- 


lower concentration. 


pearance of a species containing one 
tracer atom per molecule should ap- 
proach a first-order law 

— d(A)/dt = k(A) 


at low concentrations, i.e., the fraction 


of tracer unreacted should be an ex- 
ponential function of time 

A/Ao = e~* 
because only the concentration of the 
tracer is changing, and it is so low that 
collision of two tracer molecules is 
relatively improbable. 

The following discussion concerns the 
experimental results that have been 
obtained in studies of the oxidation and 
reduction of substances at tracer con- 
centrations and is subdivided according 
to the general type of reaction studied, 


namely, (a) electrolytic deposition, (b) 
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FIG. 17. Schematic diagram of the ex- 
perimental arrangement used in the meas - 
urement of critical deposition potentials 


reduction by metals, and (c) reactions 


occurring in homogeneous media. 


Electrolytic Deposition 
If a 


electrodes in a tracer solution, 


current is passed between inert 
some of 
the tracer may be deposited on one of 
the electrodes Such deposits are fre- 
quently adherent and extremely thin, 
that make 


many nuclear-phy sics experiments (e.g., 


properties them useful for 
alpha-particle 


Whether the tracer is deposited on the 


range measurements 


cathode (presumably by being reduced 
to the 
by being oxidized to an insolubl 


pound such a 


pends on the tracer and applied voltage 


metal) or the anode presumably 


conll- 
s an oxide , or ne ither, de- 
‘| he rate of cle position dep nds on the 


appli d voltage as well as other factors 


sui h is 
Mature of the solution, and are 
\ plot of the 


tion of a tracer versus applied voltage 


volume and 
a of the 


rate of stirring, 


electrode rate of deposi- 
closely resembles a plot of current versus 


applied voltage for macro concentra- 


tions of an electrolyte, the latter plot 
yielding the “je position potential of 
the elect little dey 
occurs until a critical voltage is reached; 
then, the 


rolyte Very r~osition 


rate of deposition increases 
In the 


JUSSCS 
| c 


rapidly with increasing voltage. 
little 


macro Cause, 
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very current 


until the decomposition potential is 


reached; then the current increases 
rapidly with increasing voltage.) 

This critical applied voltage is not 
very useful for comparison of the deposi- 
tion of two different tracers because the 
potential drop across the other electrode 
and the solution is not constant, chang- 
(carried almost 


ing with the current 


entirely by non-tracer ions present in 
amounts), which changes with 
As a result, the 


potential between the electrode at which 


macro 


the applied voltage. 


deposition is occurring and a standard 
half-cell in with the tracer 
solution is frequently measured with a 


contact 
potentiometer. This electrode poten- 
tial (referred to the standard half-cell) 
at which the rate of deposition suddenly 
increases is called the critical deposition 
potential. 

Critical deposition potential. 
procedure for the 


The 
determination of 
deposition potentials was de- 
veloped by F. Paneth and G. Hevesy 


critical 


}2, 53) and has been applied by them 
and others to radioactive isotopes of 
several elements. The apparatus used 
s shown schematically in Fig. 17. A 
potential difference is applied between 
the two inert electrodes, which are usu- 
gold, in contact 
This applied 
is then adjusted until the poten- 


ally platinum or 
with an inactive solution. 
voltage 
tial,* measured by the potentiometer, 
between the calomel half-cell and one of 
the electrodes is of the desired value. 
The tracer is then added to the solution 
and the electrolysis allowed to proceed 
for a known time 


of the 


interval, the activity 


electrode or the decrease in 
*It should be noted that the potential of the 
electrode is not determined by the tracer couple, 
but by some other couple whose components are 
present in macro amounts For example, if the 
electrode being studied is the ec oy ys the 
pote nti il is probably determined by the hydro- 
gen drogen ion couple, the hydrogen being 
suppliec nd b »y the reduction of hydrogenion. The 
potential of the cathode changes when the 
applied voltage is changed because at the 
cathode the hydrogen and hydrogen ion steady 
state concentrations, determined by the rates 
of reduction and diffusion, change as the volt- 
age-dependent rate of reduction changes. 
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activity of the solution being a measure 
of the This 
procedure is repeated for various time 


amount of deposition. 
electrode 
potentials, and a set of curves such as 
Fig. 18 constructed. 
These curves are then used in the con- 


intervals and at various 


those shown in 
struction of a rate of deposition versus 
electrode potential curve, such as is 
Fig. 19. The intercept at 
zero deposition rate of the extrapolated 
steep portion of the curve is usually 


shown in 


taken as the critical deposition potential. 

The rate of deposition can be taken as 
the amount of tracer deposited in a 
given time interval (values of the curves 
in Fig. 18 at a given time) or as the rate 
of deposition after a given time interval 

slopes of the curves at a given time). 
The various rate versus potential curves 
obtained have different slopes, depend- 
ing on the time interval selected and 
the type of rate calculated, but they all 
have essentially the same intercepts 

~0.02 volt) when extrapolated to 
zero deposition rate. 

Critical deposition potentials have 
been used in the estimation of E° values 
of tracer couples, the justification being 
that at zero rate of deposition the de- 
posited tracer and the tracer in solution 
should be in equilibrium with the com- 
ponents of the couple determining the 
electrode potential. The assumptions 
isually made in the application of the 
Nernst equation to the extrapolation of 
deposition potentials to E® values, and 
vice versa, have already been discussed 
Several workers have 
investigated the validity of these as- 
sumptions by measuring the critical 


on page 48. 


deposition potential at various concen- 
trations of the tracer. 

G. Hevesy and F. Paneth (53) and 
M. Haissinsky found that the 
critical deposition potential for bismuth 
on gold and silver from nitric acid solu- 


(54) 


tions varied in accord with the Nernst 
range of coneentra- 
tions from 10~‘ f to 10~!? f if the thermo- 
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equation over a 


dynamic activity of the deposit was 
assumed to be unity. 

F. Joliot (55) and M. Wertenstein 
(56) found that a change of a factor of a 
hundred in the concentration (in the 
neighborhood of 10-'° f) of polonium 
caused no change in the critical cathode 
deposition potential, polonium being 
deposited from dilute acid solution on 
gold. However, their experimental er- 
ror (~0.03 volt) was as large as the 
effect for which they were looking. 

H. Heal (57) found that at a polonium 
concentration of 10~'* f, the deposition 
potential was the same as that observed 
10-* f by 
This result seems to 


at concentrations of about 
earlier workers. 





FIG. 18. Cathodic deposition of polo- 

nium. Potentials are cathode potentials 

with respect to the normal calomel elec- 
trode. [F. Joliot (645)} 


/ 





™ 


FIG. 19. Rate of deposition o 


polonium 
The 


f 
as a function of electrode potential. 
arbitrary units for the amount of Po are 


the same as in Fig. 18. [F. Joliot (55)} 
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indicate that the simple Nernst law does 
not apply at these low concentrations. 
However, the estimated error of each 
+ 0.03 and the shift 
in potential to be expected in going from 
10-* to 10°'* f is 0.06 volt [assuming 
the reaction to be Po(1V = Pol. 


Systematic errors would not necessarily 


result is volt, 


t 4e 


cancel because the two results were ob- 
tained by different workers using differ- 
ent equipment. 

L. Rogers, D. Krause, J. Griess, and 
D. Ehrlinger (58), using 7.5-day Ag! 
is tracer, measured the critical deposi- 
function 
They took 


avoid 


tion potential of silver as a 
of silver ion concentration. 
extreme precautions to con- 
taminating their active material with 
inactive silver and believe that their 
silver ion concentrations were as low as 
10°" f. They found that for concentra- 
tions of 10 


deposition potential varied in 


° f or greater, the critical 
accord 
with the Nernst equation if the thermo- 
dynamic activity of the silver on the 
electrode (usually platinum) was as- 
For silver ion 
than 10°° f, the 
critical 


sumed to be unity. 
concentrations less 
variation of the deposition 
potential with concentration was no 
longer in accord with the Nernst equa- 
tion when the thermodynamic activity 
of the silver deposit was assumed to be 
(The 


f solution was just sufficient to 


unity. silver 


~10 


present in an 


cover completely the electrode surface 
The 
towards 


direction of the deviation was 


’ 


‘nobility’ (1.e silver is 


deposited more easily on a platinum 
surtace than on a silver surtace), the 
magnitude of the deviation depending 
natures of the elec- 
solution. At ~10°° f dis- 
solved silver and for platinum elec- 
trodes, the 


strongly on the 
trode and 
volt 


deviation was 0.5 


when deposition occurred from a 0.1 f 


potassium nitrate solution of pH 4 and 
only 0.01 when 
cyrred from 0.1 f sodium cyanide, 1.0 / 
sodium hydroxide solution. 
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volt deposition oc- 


To account for these low concentra- 
tion results, L. Rogers and A. Stehney 
59) developed a modified Nernst 
equation containing terms to correct 
for the deviation from unity of the 
thermodynamic activity of the de- 
posited metal due to its incomplete 
coverage of the electrode. The princi- 
pal prediction that can be made from 
their equation is that when the electrode 
is not completely covered, the percent- 
age of a tracer that can be deposited at a 
given electrode potential is dependent 
on the total volume of the solution and 
the area of the electrode, but not on the 
amount of tracer. 

Table 7 contains a summary of the 
measured critical deposition poten- 
tials, expressed as oxidation potentials 
of the assumed couples, and the E° 
values calculated from these potentials. 
Comparison of these E® values with 
those (listed in parentheses) obtained 
directly from cell measurements shows 
reasonable (+0.1 
the Bi—Bi(IID), 
Ag—Ag(CN 


volt) agreement for 

Pb** PbOx, and 
couples, but poor agree- 
ment for the Ag—Ag*, Ag Ag(NHs)2*, 
and Zn—Zn** The discrep- 


ancy for the zine couple is most prob- 


couples. 


ably due to the uncertainty in the zine 
ion concentration resulting from acci- 
dental isotopic contamination of the 
tracer. The discrepancies for the silver 
couples are most probably due to the 
invilidity of the assumption of unit 
thermodynamic activity for the tracer 
deposit, although why this assumption 
for silver should be approximately valid 
when the deposit is on platinum in an 
alkaline cyanide solution, but not in 
ammonium hydroxide or potassium 
Further 
study of thermodynamic activity of a 
tracer deposit is certainly indicated. 
Rate of electrolytic deposition. As 
shown in Fig. 19 the rate of deposition 


nitrate solutions, is not clear. 


is very small until the critical deposition 
potential is passed, and then it increases 
F. Joliot (55) studied the 
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very rapidly. 





rate of deposition of polonium on a gold 
cathode and found it obeyed this law: 
AN dey 
“dt 


whe re 


= a(Nit — Naep) — bNaep (8) 


NV dep 
atoms deposited, Nr the total num- 
ber of tracer atoms, ¢ the time, and a and 


is the number of tracer 


b constants that depend on the electrode 
potential, rate of stirring, volume and 
of the 
that 
a given set of conditions only 


and 
Equation s 


nature of solution, area 


electrode. shows 
under 
a certain fraction of the tracer can be de- 
posited, deposition ceasing (dNaep/dt = 
0) when Nae; 


+ b) and, therefore, the frac- 


Newt = a/(a+b). How- 
ever, a/(a 
tion deposited approach unity as the 
difference between the electrode poten- 
tial and the critical deposition potential 
in the direction favorable to 


increases 


deposition 


Reduction by Metals 

The deposition of metallic tracers 
from aqueous solutions onto less noble 
metals has received considerable study. 
In so far as the thermodynamic activi- 
ties of the deposits of a given tracer on 
various metals are similar, a knowledge 
of the critical deposition potential of the 
tracer and the oxidation potentials of 
the metals allows a prediction of which 
will cause deposition of the 
For polonium (IV) 
should deposit cn bismuth’ but not on 


metals 
tracer. example, 
silver when these metals are in contact 
with about 1 f solutions of their ions 
see Table 7 Unfortu- 
nately, most of the chemical deposition 
difficult to interpret 
quantitatively because no metal salts 


for potentials). 
experiments are 


were added to the solutions in contact 
The lack of an ap- 
preciable concentration of metal ion 
made possible deposition on more noble 


with the metals. 


metals than would have been possible 
in the presence of ~1 f metal ion.* It 
is probably for this reason that the 


deposition of polonium on silver has 
Experi- 


been so frequently observed. 
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ments by N. Bonner and B. Warren (68) 
have shown that at 75° to 80° C in 0.5 f 
HNQs, 82% of the polonium in a solu- 
tion ~107'* f in polonium is deposited 
Under the same 
conditions, but with Lf silver ion present, 
only 9% of the polonium is deposited. 

O. Erbacher (69) helped to clarify the 
situation for some systems by measuring 


on silver in two hours. 


the potentials of metal electrodes in acid 
solutions to which no metal salt had 
been added. 
expected, that deposition of polonium, 
bismuth, lead 
whenever the oxidation potential of the 


He found, as would be 


and tracers occurred 
metal electrode was more positive than 
that of the tracer couple. 

Erbacher (70) also investigated the 
deposition of tracers on platinum and 
gold. He found that in a hydrogen 
atmosphere bismuth and _ polonium 
tracers (oxidation potentials at 10~° f 
are —0.04 volt and —0.65 volt, respec- 
tively; see Table 7) 
platinum from a 0.1 f hydrochloric acid 


deposited on 


solution, the platinum serving as a 
hydrogen electrode with an oxidation 
+0.06 volt. Tracer lead 
under 
value for the lead— 
+0.13 volt, and the 
potential of this couple with the lead 


potential of 


does not deposit these condi- 
tions, since the E 


lead ion couple is 


ion present at only tracer concentra- 
tions would be even more positive. 
This, then, is a way in which carrier-free 
bismuth and polonium tracers may be 
separated from lead. 

Erbacher found that a gold foilina lf 
hydrochloric acid, 0.9 f thiourea solu- 
tion had an oxidation potential of —0.20 
volt, the relatively positive value being 
due to the stability of the thiourea-gold 
complex. Since this value is between 
those for bismuth and polonium tracers, 
polonium deposits, and bismuth does 


* The reducing power of a metal in a given 
solution depends on the amount of metal dis- 
solved by hydrogen ion, oxygen, tracer ions, etc., 
as well as on the amount present in the reagents 
used in preparing the solutions. In all cases the 
metal ion concentration is finite; otherwise 
the oxidation potential becomes infinite. 
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not deposit (separation of Pofrom RaE). 

For some systems Erbacher (71, 72) 
found that the amount of tracer depos- 
ited approached a maximum value. 
Assuming that this value corresponded 
to a monomolecular layer of tracer, he 
estimated surface area of the metal foils. 

F. Paneth and co-workers (73-78) 
found that on magnesium in dilute 
acid solution a small fraction of 
polonium, bismuth, and lead tracers 
was reduced all the way to the volatile 
hydrides. After studying the hydrides 
on the tracer scale, they were able to 


mn stat 
votential 
hydrogen 


sted for the 


ilated from radio- 


i oxidatic 


prepare macro amounts of inactive bis- 
muth hydride and lead hydride. 


Oxidation-Reduction in Homogeneous 
Media 

In order that the progress of a re- 
action of a carrier-free tracer may be 
followed, initial and final forms of the 
tracer must be separated for radioactive 
measurement. (Qualitative studies of 
radiocolloid formation have been made 
without separation by use of the radio- 
autograph technique). For the reac- 
tions discussed in the previous sections 


measurec 


ritical d 
measurements of the 


assumed that the 


Corresponde 


incertain 
¢ 


‘ 
active 


a change of phase accompanied the 
reaction; the separation, therefore, 


ations and types 


was more or less automatic. For exam- 
ple, after a deposition reaction, separa- 
tion of the final from the initial form of 
the tracer is accomplished when the foil 
is lifted from the solution. If a change 
of phase does not accompany the reac- 


7. 
7 


1.0 Sf hydrochloric ac 
4 known to exist 


i] 


in. nitric 


tion, some other reaction in which the 
phase of one of the forms is changed 
must be employed for the separation. 
Any of the following types of reactions, 
which have already been discussed, may 
be useful if a large fraction of one of the 
forms, but only a small fraction of the 
other, undergoes the reaction: Coprecipi- 
tation; deposition on preformed ionic pre- 
cipitates; adsorption on charcoal; adsorp- 
tion on ion-exchange resins; solvent 
extraction; vaporization, electrical deposi- 
tion; chemical deposition. 

The presence of the reagents added 


airec 


lions 


obtained 
Ss nitmec aci 


als were 


vari 


otenti 


cell 1 
potentia 
es of the 


formal 


* The half 





reaction in d 
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Couple 
280." = 8:0." + 2¢ 
3H:O0 +1037 = H;IO¢ + 
2H:O + MnO: = MnO, + 
3H:0 + }6Bre = BrO; 
Ce(QID = Ce(IV) 
7H;3O + 2Cr(II1) 
3Br~ = Bra” + 2e 
TIC] = TI(IIT) + Cl” + 2e 


H* + 2e7 
4H* + 3e 
+ GH* + 5e 
- ¢ 

= Cr:O0;" + 


14H* + 


Potential (v) 
E® = —2.05 
E°® = —1.7 
E° = 1.67 
E® = —1.52 
Ei H:80, = —1.44 
Eis; nso. = —1.10 
E‘ = —1.05 
E:isuci = —0.77 


(51) 
(61) 
(61) 
(61) 
(80) 
(81) 
(51) 
(80) 





for the separation reaction or the occur- 
rence of this reaction may, of course, 
shift the equilibrium or catalyze the 
reaction under study and thus cause 
erroneous results. Whenever possible, 
checks should be made for such effects 

Separation of two forms of a tracer 
may frequently be facilitated by addi- 
tion of isotopic carrier for each form 
This can be done, of course, only when 
the rate of isotopic exchange between 
the two forms is small. 

If other 


sometimes 


methods fail, resort 


be 


electrical migration methods of separa- 


may 


made to diffusion and 


tion (see the next page). 

The oxidation-reduction reactions of 
2.3-day Np***, investigated by G. Sea- 
A. Wahl (79), are 


of carrier-free tracer reactions occurring 


borg and illustrative 


in homogeneous media. Neptunium 
has no stable isotopes, and at the time 
the work 2.20 X 10°-year 
Np?*? had not been discovered, so that 


the tracer was truly carrier-free. 


Was done 
Sea- 
borg and Wahl investigated the oxida- 
tion of the ‘‘reduced form” {Np(dIl 
and/or Np(lV)] 1f 


acid by treating solutions of 


f neptunium in 
sulfuric 
the reduced form with various oxida- 
“buffers” 
of the 
reduced forms of couples ; 
the 


tion-reduction (mixtures of 


macro amounts oxidized and 


They deter- 


mined fraction of neptunium 


* Seaborg and Wahl, using the E® val 
couples 
7H.0 + 2Cr* CrzOr" 
Mc) Ti*** + Cl~ + Qe 


thalliun 


ies rather 


14H? + Ge E° = 


remaining in the reduced form by add- 
ing first and then 
hydrofluoric acid to the tracer solution, 


lanthanum ion 
the reduced form coprecipitating with 
the lanthanum fluoride and the ‘‘oxi- 
form” (NpO.**) remaining in 
They that 
disulfate ion, periodic acid, permanga- 


dized 
solution. found peroxy- 
nate ion, bromate ion, cerium(IV) ion, 
and dichromate ion were all capable of 
oxidizing neptunium in 1 f sulfuric acid, 
Asa 
check that the tribromide reaction was 


but that tribromide ion was not. 


not just slow, a solution of the oxidized 
form of neptunium was treated with a 
tribromide—bromide ion mixture, and 
it was found that the neptunium was 
reduced. It the 
oxidized form of neptunium was re- 


was also found that 


duced by solid thallium(I) chloride in 
the presence of thallium (IIT) ion. 

The potentials of the couples em- 
ployed in this investigation are given 
in the tabulation at the top of this page. 
dichromate ion is the weakest 
that will oxidize the 
reduced form of neptunium and bromide 


Since 


oxidizing agent 


ion is the weakest reducing agent that 
will the oxidized form, the 
potential of the neptunium couple in 
1 f sulfuric acid must be between —1.10 


reduce 


and 1.05 volts,* provided, of course, 
that stable neptunium-‘‘ buffer” 
complexes exist, that coprecipitation of 


no 


than the formal potentials for the chromium and 


1.36 v 51) 


E° = 1.36 v 1) 


i : 
concluded that the potential of the neptunium couple in 1 f sulfuric acid must be very close to — 1.36 
volts, since dichromate ion oxidized the reduced form and thallium(I) chloride reduced the oxidized 


Probably neither of the above 
since ho account 


form. 
solutions used, 
chloride ion. 

for the couples in the solutions that were used 
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values is correct for the potentials of the couples in the 
is taken of the complexing action of the sulfate ion or of the 
The formal! potentials listed in the text are probably nearer the correct potentials 
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the reduced form does net shift the 
equilibria, and that both the reduced 
and oxidized forms of neptunium con- 
tain the same number of neptunium 
This value is 
slightly more negative than the formal 
Np(ly Np(VI) potential, —0.94 volt, 


atoms per molecule. 


in 1 f hydrochloric acid, later measured 
on macro amounts of 2.20 X 10*-year 
Np*”? by J. Hindman, L. Magnusson, 
and T. LaChapelle (82). The 0.1 to 
0.2 volt discrepancy could be due en- 
tirely to differences in stabilities of the 
sulfate and chloride complexes of Np. 


DIFFUSION AND ELECTRICAL MIGRATION 


This section is included principally to 
indicate the type of work that has been 
No attempt has been made to 
survey the literature completely. 

The simplest and most obvious type 
of experiment is the determination of 
the direction of migration of an ion dur- 
ing electrolysis. For example, the be- 
havior of polonium has been studied in a 

Many of the ions 
to be negatively 
charged as the result of complex forma- 
tion; in HCI at concentrations less than 
0.1 f, most of the polonium moves to- 
ward the cathode, but in solutions 0.2 f 
or greater in HCl, most of the polonium 
Astatine 
does not exist as positive ions in any of 
the solutions studied (84). Results of 
selected experiments appear in Table 9. 

Chemical separations by electrical 
migration have been performed by W. 
Garrison, H. Haymond, and R. Max- 
They separated carrier-free 


done. 


variety of solutions. 


formed are found 


moves toward the anode (83). 


well (85 
from macro amounts of other 
elements and indicated the possibility of 
separating carrier-free tracers from one 
another. Their procedure was to evap- 
orate the material to be separated onto a 
filter paper, which was then inserted 
into the center of a stack of filter papers 
moistened with a suitable electrolyte. 
then carried out 
between platinum electrodes. In the 
which only two 
substances are present, it is frequently 


tracers 


Electrolysis was 


simple situation in 


possible to use an electrolyte in which 
one component exists as an anion and 
The two sub- 
move in opposite 


a cation. 
then 


the other as 
will 
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stances 


directions during electrolysis. It is 
also possible to convert one component 


to a precipitate or radiocoiloid that does 


net move, while the other component 
With three 
or more components, any combination 


remains ionic and mobile. 


of the possible motions can be realized. 
Table 8 is a summary of the results. 

Theoretically it should be possible to 
separate carrier-free tracers by diffu- 
sion, but from a practical standpoint 
it is very difficult. The best that can be 
hoped for with any reasonably simple 
apparatus is a small change in the rela- 
tive concentrations of the components 
of amixture. However, F. Paneth (86) 
and J. Schubert and E. Conn (87) have 
used the measurement of the diffusion 
coefficients of several carrier-free tracers 
as a method of detecting radiocolloid 
formation. An unusually low value 
of the diffusion coefficient is evidence 
of the formation of radiocolloids under 
the conditions of the experiment. 

An interesting type of experiment is 
one in which quantitative measure- 
ments of both the rate of diffusion and 
the rate of electrical migration are 
made. From the two measurements it 
is possible (under the proper conditions) 
to estimate the charge carried by an ion. 
The following equation relating the dif- 
fusion coefficient, electrical mobility, 
and charge of an ion was derived by 
W. Nernst (88). [See also ref. (89).] 

D = (RTu)/(2F) (9) 
where D = diffusion coefficient of the 
individual ion, R = the gas constant, 
T = absolute temperature, u = elec- 
trical mobility of the ion, F = Faraday 
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TABLE 8 
Chemical Separations Accomplished by Electrical Migration in Filter Paper 


[W. Garrison, H. Haymond, and R. Maxwell (84)] 





Carrier-Free Constituent Separated from 


Direction of Direction of 
Element Migration Element Amount VW igration Electrolyte 


NI anode Mn cathode 1 f ammonium oxalate 
Nb none Mn cathode 3f HCl 
Nb and Zr anode Y and (3 none 1 f ammonium oxalate 
rare earths 
none Cu cathode 3/ HCl 








TABLE 9 


The Charge on Various Carrier-Free Tracer lons 
Selected results obtained by diffusion and /or electrical migration experiments 


Element Solution ( "harge - Reference 


| dilute HCl 


O.1ftolfHNOs 

phosphate buffers, pH 3 to 11 

0.1 f NaOH 

0.1 f NaOH or 0.1 f HNO;—At reduced with SO: or 
Na2SO; 

0.1 f HNOs—At oxidized with hot K252.0s 

0.5 f HNOs—At oxidized with Bi 

0.1 f NaOH—-At oxidized with ClO 


~107? f HCl 
~10°*f HCI 
> 0.33 f HC! 


dilute HCI 
>is HCI 


~107? f HCl 

0.1 f HCl 

0.2 f HCl 
'O.1f HNO; 

1.0f HNO; 

0.1 f HeSO, 

0.15 f to 1.25 f NaOH 

0.1 f oxalic acid 

0.5 to 1.3 f phosphoric, acetic, tartaric, o1 oxalic acid 


~10°? f HCI +1.9 


er not in parentheses indicates that th diffusion and electrical migration measure- 
ents were made A number in parentheses indicates that the diffusion coefficient was measured, 
but the electrical mobility was taken merely as average of the mobilities of a number of other ions 
4 +) or ( indicates that « nly the direction of motion during electrolysis was measured 
+ The value obtained depended on the HC! concentration, the higher values being obtained at the 
ower concentrations 
t The sign of the charge was not reported 








58 March, 1951 - NUCLEONICS 





constant, and z = the charge on the 
ion in units of electronic charge. 

For D in square centimeters per sec- 
ond and_u in centimeters per second 
under a field gradient of 1 volt per centi- 
meter at 25° C, the equation becomes 

D = 2.57 X 107? (u/z) (10. 

This expression is strictly correct only 
at infinite dilution, where the positive 
ions can inde- 
pendently. However, it seems to apply 
fairly well if the ion to be studied is 


and negative move 


present at low concentration relative to 
the concentration of an _ indifferent 
electrolyte. (For example, it should 
be possible to estimate the charge on a 
the concentra- 


barium ion if barium 


tion is 10~* f or less in a solution 0.1 f or 
more in HCl.) Under these conditions 
a positive ion can diffuse nearly inde- 
pendently of its negative ion, the large, 
uniform indifferent 
electrolyte effectively suppressing the 
electrical gradient that would result 
from independent diffusion of positive 
and negative ions in a single electrolyte. 

The first studies of this nature appear 
to have been carried out by G. Hevesy 
(90). He determined the charges on 
various naturally occurring radioactive 
elements. The substances used were 
carrier-free, and most of the measure- 
ments were made in 0.01 f HCl. His 
results also appear in Table 9. 


concentration of 


EXTRAPOLATION FROM TRACER TO MACRO BEHAVIOR 


Because extrapolation depends on a 
knowledge of the chemical form of the 
tracer, experimental tracer results must 
be free from such troublesome effects 
as radiocolloid formation, adsorption on 
the 
reactions caused by small amounts of 


surfaces of reaction vessels, and 


impurities. These difficulties are not 
always easily eliminated or even de- 
tected. Radiocolloids may usually be 
detected by sedimentation experiments, 
such as prolonged centrifugation of a 
solution, or by diffusion experiments, or 
by the radioautograph technique. A 
change in the experimental conditions 
addition of acid or a complexing agent 
to the solution) is usually necessary 
for the elimination of radiocolloids; the 
use of carefully distilled and centri- 
fuged solvent helps but does not appear 
to prevent completely the formation of 
Adsorption on surfaces 
of containing vessels is sometimes indi- 
cated by a low material balance of the 
radioactivity ; the elimination of adsorp- 
tion effects may involve a change in 


radiocolloids. 


the experimental conditions or vessel 
with 
amount of im- 


surface Reaction of a tracer 


a small, undetectable 


purity is always a worry. If the 
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occurrence of such reactions is sus- 
pected, further purification of the 
reagents may be undertaken, identi- 
fication of the impurity may be 
attempted by addition of various likely 
impurities and measurement of the 
intensity of the undesirable effect, and 
reagents that destroy the identified or 
suspected impurities may be added. 
In the following discussion, it is assumed 
that the foregoing difficulties are absent. 

Data concerning the carrying (co- 
precipitation or deposition) of carrier- 
free tracers by ionic precipitates may 
frequently be interpreted qualitatively 
in terms of the charge, size, and coordi- 
nation number of the tracer ion and the 
solubility of the tracer compound. The 
constancy of the distribution coefficient, 
D, under a variety of precipitating con- 
ditions (excess of precipitating agent, 
pH, presence of highly charged ions, 
speed of precipitation, etc.) is good 
evidence for the mixed-crystal 
morphism of the tracer and carrier com- 
pounds, an excellent indication that 
the charge, size, and coordination num- 
ber of the tracer ion are very similar to 
those of the carrier ion. Although the 
solubility of the tracer compound can- 
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iso- 











not be quantitatively predicted from the 


D, the fact that the tracer 


and carrier compounds are sufficiently 
mixed 


value of 


similar to form isomorphous 
crystals is a good indication that their 
solubilities are similar. However, the 
formation of anomalous mixed crystals 
is easily mistaken for the formation of 
true mixed crystals. 

The frequently assumed rule--7f a 
carrier-free tracer cation anton 18 
efficiently carried by a forming or pre- 
formed ionic precipitate in the presence 
of an excess of the anion (cation) of the 
compound between the 


precipitate, the 


tracer and anion (cation) is relatively 


insoluble under the conditions of the 


experiment—must be applied with con- 
siderable caution because highly charged 
tracer ions may be efficiently adsorbed 
via the counter-ion-exchange mecha- 
nism on precipitates of opposite charge 
even though they form no insoluble 
compound with the oppositely charged 
The use of highly charged 
hold-back carriers, which repress coun- 


lattice ion. 
ter-ion-exchange adsorption, increases 
the reliability of the foregoing rule by 
placing a higher premium on the ‘‘in- 
solubility condition” for adsorption, 
but in so doing may throw some slightly 
soluble compounds in with the class of 
soluble ones according to the counter- 
part of the above rule, namely—if a 
carrier-free tracer cation (anion) 18 not 
carried by rapidly forming or preformed 
ionic precipitate of large surface area in 
the presence of an excess of the anion 
cation the compound 


of the precipitate, 


hetween the tracer and anion (cation) ts 
relatively soluble. 

The adsorbability of tracer amounts 
of an ion on an ion-exchange resin is the 
same as that of macro amounts of the 
ion, provided that resin saturation is not 
approached with macro amounts. 

The equilibrium distribution of a 
carrier-free tracer between two im- 
miscible solvents follows the same dis- 


tribution law 
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and has the same dis- 


tribution coefficient as the distribution 
of macro amounts of the material, with 
these provisions: (1) The nature of the 
material is not a function of its concen- 
that in macro 
amounts exists principally in the form of 
molecules containing several isotopic 
atom will on dilution tend to dissociate 
into molecules containing fewer isotopic 
atoms, e.g., the dissociation of Cl:(aq) 
into Cl- and HCIO.) (2) No appreci- 
able fraction of the tracer is adsorbed in 
Therefore, deduction of 
the correct thermodynamic distribution 
coeflicient is usually possible from the 


tration. (A material 


the interface. 


results of carrier-free tracer studies. 
The extrapolation of the volatility of 
carrier-free tracers on solid surfaces to 
amounts of 
Much 
of the uncertainty is due to the fact that 


the volatility of macro 


material is extremely uncertain. 


bonded to mole- 
not to 


tracer molecules are 
cules in the solid surface and 
other tracer molecules, since, normally, 
tracer molecules 
The volatil- 
material 


there are insufficient 
to cover the solid surface. 
ity of 
in solution can be predicted quite ac- 
tracer data, provided 


macro amounts of 
curately from 
that the nature of the material is not a 
function of its concentration. 
Potentials estimated from tracer data 
(critical deposition potentials, poten- 
tials estimated from deposition of car- 
rier-free tracers on various metals, and 
from reaction 
with various oxidation-reduction ‘‘buff- 


potentials estimated 
ers’’) may be extrapolated by use of the 
Nernst equation to the potentials of 
couples composed of macro amounts 
of material if the assumptions are made 
that (1) the concentrations (activities 
of dissolved tracers are those estimated 
from radioactivity measurements and 
(2) the activities of tracer deposits on 
foreign metallic unity. 
The validity of the first assumption is 
dependent on an accurate detection- 
instrument and on the 
prevention of accidental contamination 
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surfaces are 


calibration 





with isotopic carrier, the latter being ex- 
tremely difficult for the common ele- 
ments. Because the second assumption 
is apparently approximately valid for 


some tracer deposits and invalid for 
others, it must be applied with caution. 

The extrapolation of reaction rates of 
carrier-free tracers is always dangerous 
because the mechanism of the reaction 
may change as the concentration of the 


reactant increases. 
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Activation Analysis with the Oak Ridge Reactor 


Facilities at ORNL have been expanded to provide for activa- 


tion analyses for off-project organizations. 


Detection limits 


and other pertinent information have been tabulated to aid 
the potential user in appraising the utility of the process 


By G. W. LEDDICOTTE and S. A. REYNOLDS 


Analytical Chemistry Division, Oak Ridge National Laboratory 
Oak Ridge, Tennessee 


\naLysis by radioactivation has been 


most aptly reviewed in the literature 
13, 14). 


these reviews have been the 


The principles outlined in 
basis of a 
developmental program for the detec- 
tion of trace amounts of impurities in 
various materials. Originally set up to 
handle specific problems at Oak Ridge 
National 
projects, this program is now being en- 


Laboratory and associated 
larged to investigate specific problems 
for individuals or organizations who find 
the method convenient. 

The ability to produce artificial ra- 
dioactivity for subsequent application 
as a tracer permits this new method of 
analysis to be used for the detection and 
of ele- 


artificial 


large number 


production of 


estimation of a 
The 


isotopes of these elements by the (n,¥ 


ments 


reaction in the Oak Ridge reactor makes 
it possible to obtain great sensitivity 
These 


their own 


for many elements. artificial 


isotopes have characteristic 
radiations and modes of decay, making 
ictivation analysis unique because of its 
freedom from interference by other ele- 
The 


often encountered in conventional anal- 


ments danger of contamination 
vses is negligible, once the bombard- 
ment has been completed. 

Radioactivation is not necessarily 
limited to reactions produced in a chain- 
reacting pile, but can also be accom- 


plished by the use of charged particles, 
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e.g., deuterons. However, this type of 
activation is somewhat complicated by 
competing reactions and ‘‘self-shadow- 
Thus, the 


tabulated here is specific for activation 


ing’”’ effects. information 
by slow-neutron capture at the flux ob- 
tained in the Oak Ridge reactor. 


Methods 

In principle, activation by slow neu- 
trons is accomplished by placing the 
sample to be analyzed in an intense flux 
of slow neutrons for an appropriately 
chosen length of time to produce a 
measurable amount of a radioisotope 
The 


activity, or the measurable amount of 


of the element to be determined. 


the radioisotope, A, present at a time ¢ 
after the start of the bombardment, is 
A = Nfo,.S 

where A = activity in disintegrations 
sec, N = number of nuclei of the ele- 
ment present in the sample, f = slow 
neutron flux in neutrons/em?/sec, 

‘‘atomic’’ cross section in cm? for the 
n,y) reaction leading to the formation 
of the radioisotope of the element, and 
S = saturation factor, 1 — e~™, or the 
ratio af the amount of activity produced 
in time ¢ to the amount produced in in- 
finite time. Here, A is the decay con- 
stant for the radioisotope of interest 
AX = 0.693 /half-life). 

It is assumed that the rate of produc- 
tion of radioactivity, given by Nf@ac, is 
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constant during the bombardment. In 
terms of the weight W of the element, 
the preceding equation becomes 
AM 
6.02 X 108 fog.S 
the chemical atomic weight 


WW 


W he re M 
of the element sought. 

To make a precise determination, the 
compared with 
standards containing the element or ele- 
The unknown 
and standard are bombarded under the 
Whenever a 


unknown sample is 


ments to be determined. 


same pile conditions. 
chemical separation is necessary to re- 
move bulk constituents or interfering 
radioactive elements, both the unknown 
sample and the standard are treated in 
The element of interest 
is isolated and then the standard and 


under identical 


the same way. 


unknown are counted 
conditions 

Carrier chemistry is used in the sepa- 
ration and isolation of the element. <A 
small known amount of the naturally 
occurring element is added to the solu- 
tions of the unknown and standard 
after bombardment, and the solution is 
carried through a chemical separation. 
Carrier chemistry also serves as a 
means for correcting for losses during 
the analysis, since the amounts added 
and recovered are known. 


Sensitivity of Method 


The sensitivity with which the small 
mass of the element sought may be de- 
tected is dependent upon the ‘‘atomic” 
cross-section, i.e., the product of the 
abundance of the stable isotope produc- 
ing the desired activity multiplied by 
its cross-section. It is also advisable to 
have a high neutron flux available since 
the activity produced is proportional to 


‘ec 


the flux. 

The half-life of the radioisotope pro- 
duced and the nature of the radiation 
emitted favorable for the 
measurement. At present, it is felt 
that radioisotopes with half-lives of not 
less than ten minutes and not longer 
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must be 


than several days are best to use in 
Those radioiso- 
topes which emit beta rays or positrons 
of sufficient energy can be determined 
with a reasonable accuracy by ordinary 
counting equipment. If the energy of 
the radiation emitted is low, then special 
counting necessary. 
Likewise, radioisotopes emitting only 
gamma rays, X-rays, or low-energy con- 
version electrons require special meas- 


these measurements. 


techniques are 


urement techniques and are not very 
satisfactory in activation analysis. 

Some of the elements with low atomic 
numbers cannot be determined by ra- 
dioactivation with neutrons since they 
usually have very low cross sections, or 
a very short half-life for the radioactiv- 
ity produced. If the sample to be 
analyzed contains gross amounts of ma- 
terial of high cross section or substances 
interfering in the chemical separation of 
the desired element, difficulty arises in 
activation analysis. 


Tabulation of Data 

The table of activation sensitivities 
on pages 64-65 shows only those activ- 
ities of most elements from 1 to 83 
(with half-life above ten minutes) for 
which determination by neutron ra- 
dioactivation is applicable. The first 
four columns of the table list the target 
element, the isotope of interest produced 
by neutron bombardment, its half-life 
and characteristic radiation or radia- 
tions. The fifth column gives the cross 
section of the total element for produc- 
tion of the isotope by neutron bom- 
bardment, and the seventh column gives 
the sensitivity of detection in micro- 
grams of the element. Calculations are 
made for “‘saturation activity,” except 
in the case of long-lived isotopes, for 
which the sensitivities have been those 
for the amount of activity produced in 
30 days (column six). 

From the table, it is possible to indi- 


(Table follows on the next two pages; 
text continues on page 78.) 
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Ele- 


ment 


Na 
Meg 
Ne | 
P 


~ 





Isotope 
Pro- 


, 
duced* 


Na*4 
M g?? 
pit? 
ps 
S35 
Cc} 
K* 
Cats 


Sct? 


Asi 
Set! 
Se* 


Br a 


Br*? 
Rb** 
Srs7m$ 
y? 
Zr® 
Zr*? 
Ch 


Mo* 
Ru 
Ru 
Pd'e 
Ag'! 


Cd 
Cd 
Cd''? 
In!'é 


Sn!#1 


Half-life* Radiation * 
14. 8h 
10.2 m 
170 m 
14.3d 
87.1d 
38.5 m 
12.4h 
180 d 
85 d 
265d 
2.59 h 
17 d 
5.3 y 
2.6h 
12. 8h 
8B (39% 
Br (18.5%) 
Y (with K) 


(0.5%) 


 , 
(0.01-0.1%) 
ke Ay 


170 m 
54 m 


lid 


Sensitivities of Activation Analysis Utilizing 


** Atomic"’ 


C ax 


(harns) t 


0.41-0 
0.00565 
0.0037 
0.029 
0.0052 
0.138 
0 067 


0.013 


0055 


Og 
1] 
52 
128 
24 
06 
045 


20 

099 
376 
122 


10 
12 
317 
04 


45 


(1 month t 


Per cent 


Saturation Sensitivity Refe r- 


(wg ences 
007 
6 


02 


O03 
OS 
s 
O02 
2 


006 


O2 
03 


05 


14 
0001 


” 











(n,y) Reactions in the Oak Ridge Reactor 
Per cent 
‘* Atomic’'a,. Saturation Sensitivity Refer- 
Half-life* Radiation* (barns) t (1 month) ~ (ug) ences 
2.8d a A 3.89 004 
60 d 1.82 03 
9.3h 0.146 l 
7.0 002 
0.016 
26 : 03 
0.365 05 
8 002 
0.354 52.: l 
0.122 2 
10 
0.258 1 
0.143 1 
36 0006 
659 00003 
0.9 02 
11 002 
77.3daB8°,4 22 : 3 004 


e™ 


Or 


25 m 
3.15h 
2.3 y 
54 m 
40.4 h 
28 d 
33 h 
19.3h 
lid 
icce 
17 h 
9.2h 
18-20 h 


3.9 h 


om mM SO Oe me me me 


Q 


i a a a a a ee ee ee 


a> ~~ 


49.0 
145 m ; 738 00003 
27h x 60 .0004 
7.5-12.0h 3 0.994 02 
127 d . 100 f 002 
100 h : 14.8 oe 002 
45d 47 35. ¢ 001 
3.67 h 7 19.5 0.001 
6.8d _* 9] ‘ 0.0003 
16d / 3.51 34.: 0.02 
l1li7 d ri, * 21 : 0.007 
24.1h yy 9.92 0.003 
92.8h 37.44 ! 0.0007 
1IS.9h f a 47.2 0.0006 
15-17 d : 1.40 { 0.02 
30-32 h 1.03 0.03 
70-75 d +: 285 2: 0.0004 
19-20 h f 80 0.0003 
Ish 0.28 0.1 
3.3d 1.14 99.5 0.02 

2 69d ‘. * 0.003 
45.8-51.5d8,7, € 0.71 30-34 .6 0.13 
2.25 2.0 0.6 


v3 2.2: 
Od 7 0.015-0.055 98.4 0.5-2 


ie hee i ie ie ee i Hi he a a a oe 


erwise indicated, this information appears in “Table of Isotopes’’ [G. T. Seaborg 

evs. Mod. Phys. 20, 585 (1948 }. 
ies, as indicated in the literature, have been used. 

licated, saturation is to be assumed 

iperscript m following the mass number denotes a metastable isomer of measured half-life 
either a stable or unstable ground state. 
vity for y measurements. 

12 gives radiation data. 
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Estimating Radioelements in Exposed Individuals—til" 
RADIATION DOSAGE and PERMISSIBLE LEVELS 


The practical side of judging the amounts and fate of radio- 
active substances that enter a worker's body involves con- 


sideration of arbitrary standards. 


As shown here, these 


standards interrelate physiological data on ‘‘standard man” 
and the properties of the radioelements most harmful to him 


By JACK SCHUBERT 


irgonne 


Iv IS NECESSARY to set standards, how- 
ever arbitrary and tentative, for the 
amount of a given radioisotope that can 
be tolerated by The adopted 
figures enter into important practical 


man, 


including: 
1. Sensitivity required of an analyti- 


considerations 


cal procedure. 

», Frequency with which personnel 
will be required to submit samples 
for analysis. 

3. Decision to discontinue operations 
or to furlough an employee. 

;. Attempt to hasten excretion by 
appropriate treatment. 

\ certain amount of physiological and 
biochemical data on man is necessary 
in order to estimate probable distribu- 
tion, excretion, and intake of radioele- 
Further, the 
many analytical procedures may vary 


ments. sensitivity of 


considerably, depending on the amount 
and kind of interfering substances that 


may be present in a given tissue or 


excreta 


Table of 38 a collection ol values 


*Part I on the subject of radioelement 
published in the February 
pages 13-28; Part III, describing 
hoassay operations and procedures, will appear 
in the April Nuc ieontcs All three parts of 
this paper are published on the sole responsibil- 
ty of the author The recommendations of- 
fered do not represent the official views of any 
laboratory or division supported by the U. 8 
Atomic Energy Commission 

t Numbering of 
Part I 
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metabolism was 
NUCLEONICS 


tables is ontinued fron 


Vational Laboratory, Chicago, Illinois 


pertaining to the weights of different 
organs of a ‘standard man” which were 
in their present form by 
dif- 
ferences in organ weights, water intake, 


compiled (64) 


Hermann Lisco. Despite wide 


etc., for individuals, ‘‘agreement on 
uniform figures should be possible as a 
first step toward complete standardiza- 
tion’ (3). Additional useful physio- 


logical and biochemical data on the 
standard man are given in Tables 7 and 8. 
tadioelements and their compounds 
may enter the body by three principal 
routes: inhalation, ingestion, or absorp- 
tion through the intact or injured body 
surface. The elimination of the radio- 
element from the body usually follows 
an exponential course. The potential 
radiotoxicity of the radioelement is a 
complex function that involves the 
following factors: 
Radioactive or Physical 
Half-life} 
Energy and kind of radiations 
Physiological and Metabolic 
Route of administration 
Rate of elimination 
Chemical properties and nature of 
compound 
Degree of localization within body 
Age and life expectancy of the 
individual 
Concentration administered 


Physical state of radioelement 
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Since tissues vary in the amount of a 
deposited radioelement, the radiation 
dose received by each organ varies in the 


sare individual. 


Diff erential Absorption Ratio 
‘To take into account the differences 
which lead to differences in 


dose for the 


in uptake 


various tissues, it 1s con- 
venient to express the concentration in 
‘differential 


For any tissue, this is 


terms of a absorption 


(D.A.R. 


the ratio of concentration of an isotope 


ratio’ 


in that tissue to the average concentra- 
tion in the body (neglecting excretion). 
Thus, if a particular tissue has a D.A.R. 
of 1, it should receive the same dose of 
radiation as the average of the whole 
if it has a D.A.R. of 10, it should 
radiation” 


hody : 


receive ten times as much 


as the average (p. 46 in second part of 


ref, 38). 

In Table 9 values of D.A.R. are 
tabulated for several important radio- 
elements at six months after absorption 
of the radioelement in question. Obvi- 
ously, the D.A.R. will vary with time 
and with differences in chemical state of 
the compound or physiological state of 
the animal. However, with the infor- 
mation given in Part I of this paper and 
by exercise of good judgment, it is possi- 
ble to make intelligent estimates of the 
D.A.R. for particular conditions. No 
hard and fast rules can be stated because 
of the numerous variables that must be 
considered in individual cases. 

The D.A.R. values for the skeleton in 
the case of radium, and for the skeleton 
and liver in the case of plutonium and 
emitters 
change very little with time. This, and 
the fact that the body retention of 
absorbed Pu and the transuranic elements 


the other long-lived alpha 


remain nearly constant after the first 
week, emphasize the potential dangers 
associated with these radioisotopes. 
The rates of 
insoluble oxides which are taken up by 
the cells "of the 


Vol. 8, No. 3 - March, 1951 


very low elimination 


reticulo-endothelial 





TABLE 6* 
The Standard Man 
Age between 20 and 30 years 
Weight 70,000 grams 


Total 
Weight 
(grams) 


% of Body 
Organ W eight 
Muscles 
Skin and subcutane- 
ous tissues 8,500 12.14 
Skeleton without 
bone marrow 
Bone marrow “Red"’ 
Bone marrow “ Yel- 
low”’ 
Blood 
Gastro-intestinal 
tract 2,300 
Liver 700 
Brain 400 
Lung (2) 950 
Lymphoid tissue 700 
Heart 350 
Kidney (2) 300 
Spleen 200 
Urinary bladder 150 
Pancreas 65 
Salivary glands 50 
Testis (2) 40 
Thyroid 30 
Eye (2) 30 
Spinal cord 30 
Teeth 23 
Prostate 16 
Adrenal (2) 14 
Thymus 


30, 000 2.86 


7,000 00 
1,500 2.14 


, 500 
,400 


Total 


Miscellaneous 
(blood vessels, fat 
tissue, cartilage, 
nerves, etc.) 7,742 11.06 
Total 70,000 99.98 


* Data in this table have been proposed by 
Lisco of the Argonne National Laboratory on 
the basis of a careful evaluation of many 


sources (#4) 





system should also be remembered. 
For example, the excretion of colloidal 
thorium dioxide (Thorotrast) given in- 
travenously to patients for roentgeno- 
graphic visualization is negligible (68). 
Similarly, the specific activity of Pu in 


the liver of a dog injected four years 
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TABLE 7* 
Physiological Data for ‘Standard Man” 


Function or Quantity 


water intake 

food 

fluid 

water output 

urine 

feces 

sweat 

lungs 

water in body 

surface area of 

entire respiratory tract 

nonrespiratory area 
(c) respiratory area 

Tidal air (work day) 

Tidal air (not at work) 

Total tidal air (20 respirations/ min) 
(a) during 8-hr work day 
(6) during 16 hr not at work 
(c) during 24-hr period 


Total 
(a) 
(b) 

Total 
(a } 
(b) 
(cc) 
(d) 

Total 

Total 
(a) 
(b) 


* Compiled mainly from data in Best and Tay 
recommended at the Chalk River Conference. 
complete agreement 


1 


However 


Value 


500 cm! 
,000 cm!* 
1,500 cm?* 
2,500 cm!* 
1,500 cm* 
100 cm? 
500 cm? 
400 cm? 
50 1 (70% body weight) 


2, 
l 


70 m? 

15 m? 

55 m? 
1,000 em? 
500 cm? 


10,000 1 (10 m!) 
10,000 1 
20,000 | 


r (39) and originally independent of the values 
a few of the values were revised to give 





previously was found upon autopsy to 
be about half the skeletal value (33). 


Considerations Concerning Radiation 

The definition of a ‘“‘rep”’ (roentgen- 
equivalent-physical) and some simple 
usable equations for relating the tissue 
dose in roentgens to the radioisotope 
concentration are collected in Table 10, 
together with fundamental constants. 

The equations and other problems of 
internal dosimetry are treated in the 
useful papers of Marinelli, Quimby and 
Hine (38), Bale (70), Siri (Chapter 16 
of ref. 71), Morgan (72), Cohn (73), and 
In general, these papers 
Ww hich 


Perry (74). 
give detailed formulations 
beyond the scope of this paper. 

radiation 


are 


The permissible level of 
from permanently fixed internal emitters 
in the body of an adult is taken to be 
0.3 rep per week for beta or gamma 
radiation and 0.015 rep for alpha radia- 
tion. These figures are based on 
recent recommendations of the Joint 
Radiation Protection Committees of the 
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Great Britain, and 


naturally 


United States, 
Canada (75). 

arbitrary, but they are based on experi- 
ence which indicates that no known 
harmful effects to man will result upon 
indefinite exposure to the stated levels. 
However, the factor of safety with 
regard to detectable long range effects 
may not be more than a factor of three 
considerations 


These are 


Some practical 
relating to the permissible dose, the 
nature of the population and adminis- 
tration of radioisotopes for therapy 
are discussed by Brues (76). 

\n alpha particle is estimated to 
produce a biological effect 20 times that 
of an equivalent dosage of beta radia- 
tion because of the high density of 
ionization. Actually, the ionization 
density close to the ionizing path of an 
alpha particle may be as much as 250 
times that delivered by the path of a 
beta particle; hence under certain 
conditions a cell nucleus may receive a 
much greater dose of radiation than the 
tissue as a whole or even the cell itself 
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(72). 
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TABLE 9 
Approximate Differential Absorption Ratio of Absorbed Radioelements 
in Various Organs Six Months After Exposure 


Differential Absorption Ratiot 


Bone plus 


Radioelement* marrou 


Po?! 
Ra?2*t 
Ac??? 
Th? 
Pa?! 
Py??? 
Am?! 


Cm? 


Ce 


Table 14 


it is assumed that Sr and 


* Sources same as those listed in 
\s an approximation 

+ have the same relative distribution as Ra 
rhe three rare-earth elements, Ce, Y, and Ac 
were considered to have equivalent behaviors 
Zr and Th were assumed to follow Pu. 


{ 


+ The differential absorption ratio is defined 
ts the ratio of concentration of an isotope in a 


Liver 


Kidneys Splee n Lu ng 


0 
0.001 


mnoac 


gt o 


0.001 0 
0.001 0 
2 7 0.4 
3 ; O.2 
5 , 0.{ 


given tissue to the average concentration in the 
body It must be kept in mind that we are 
neglecting local distribution within an organ 

t Data for radium based on three human 
cases listed in Table 17 of ref. 67 

§ Values are given for a period of 30 days 
ifter exposure and are based on data of Brues 
and Stroud (unpublished work) 





*0). For reasons similar to those just 
mentioned for alpha rays, it 1s consid- 
ered possible that the biological effec- 
tiveness of very weak beta emitters such 
as H 


than indicated by their energies 


and C'* may possibly be greater 


[t is pertinent to consider those radio- 
isotopes which, if internally fixed, are 
potentially the most harmful from the 
standpoint of their physical and meta- 
Table 11 includes the 
dosage in rep to be expected from 1 


bolic properties, 


microcurie of a given radioelement 


evenly distributed in a human, the 
effective energy, specific activity, and 


The 
calculating 


the maximum water. 


latter 


range in 
figure is useful in 
the depth of penetration of radiation 
into soft 
tions in Table 11 


the equations given in Table 10. 


70 


tissue. The dosage caleula- 


were made by using 


The effective energy of a radioiso- 
tope is the sum of the energies of the 
daughter activities which are present at 
In the case of Ra**®, the 


effective energy is the sum of the alpha- 


a given time. 


ray energies of Ra®?° = 4.79 Mev, and 


the alpha-ray energy of Rn**? = 5.49 
Mev, RaA = 6.00 Mev, and RaC = 
7.68 Mev. 
of the Rn?*?, which escapes from tissues 
and is eliminated through the lungs, 
varies with the time after exposure. 
About six months after exposure, 90% 
produced by radium 
Hence, at this time the 


However, the proportion 


of the radon 
escapes (67). 
effective energy of Ra*?* is: 
E = 4.79 + 0.10 (5.49 + 6.00 + 7.68) 
= 6.71 Mev 
From the formula 
R = 60CE) 


where C is the concentration of isotope 
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in microcuries per gram and E is the 
peak energy in Mev, we find that the 
dosage rate from 1 we of Ra*** uniformly 
distributed in a gram of tissue would 
deliver 60 X 1 X 6.71 = 403 rep/day. 

In long-standing cases of radium 
poisoning, i.e., more than two years 
after exposure, the Rn/Ra ratio is 
fairly constant at 0.55. In these cases, 
the effective energy, FE, is equal to 4.79 

0.55 (5.49 + 6.00 + 7.68) = 15.3 
Mev, and the corresponding dosage 
= 60 X 1 X 15.3 = 918 rep/day. 

If 1 ue of Ra*** were uniformly dis- 
tributed in a 70-kg man, each gram 
of tissue would receive 918/70,000 = 
0.013 rep/day, or 6 times the permissi- 
ble level for alpha radiation. Actually 
the skeleton concentrates the radium by 
about a factor of 10 (Table 9), so that 
the skeleton would receive on the 
average about 0.13 rep/day. 


Man's Background-Radiation 

Designation of permissible levels of 
radioelements in the body, in drinking 
water, food, and air involves many un- 
known factors, so that the inclusion of 
several safety factors may lead to un- 
realistic values. 

There are three principal radioiso- 


topes present in man throughout his life- 
time, namely, C's, K*, and Ra??6, 
The sources of these radioisotopes are as 


follows: 

C'* is derived both from food and by 
inhalation since it is formed con- 
stantly in the atmosphere and 
in man himself by the interaction of 
the secondary neutrons produced 
by cosmic radiation with nitrogen 
(80) aecording to the reaction 
N'4(n,p)C'*, 

K*° is naturally present in an abun- 
dance of 0.11% in all potassium 
compounds. 

Ra*** is accumulated from ingested 
food and water. 

Table 12 presents the estimated con- 
centrations of the principal natural 


Vol. 8, No. 3 - March, 1951 





TABLE 10* 
Formulast Relating Radiation Dose 
and Isotope Concentration 


Radiation Dose (rep) Time Interval 


60CE Day 
25CE Day 
90T%CE Total Decay 
35T\..CE Total Decay 


roentgen = Quantity of X- or gamma radi- 

ation such that the associated 
corpuscular emission per ml of 
air (1.293 mg) under STP 
produces ions carrying 1 esu 
of electricity of either sign. A 
dose of 1 roentgen means 83 
ergs absorbed per gram of air.t 
Dose of any ionizing radiation 
which produces energy absorp- 
tion of 83 ergs per cubic centi- 
meter of lissue. 

= Concentration of isotope in 
microcuries per gram of tissue. 
Peak energy tn Ve v 

= Half-life in days 


* The data in this table are based on infor- 
mation given in reports by Evans (69) and by 
Bale (70) in particular 

+ In soft tissue and water, a dose of lr 
actuaily corresponds to the absorption of about 
93 ergs per gram while that in bone may reach 
several hundred depending on radiation energy. 





radioelements in an adult man and the 
corresponding dosage. 

The natural radioelement content of 
sea water is well below the permissible 
levels (Table 13). However, the over- 
all amount of radioactivity in sea water 
is quite large since one cubic kilometer 
of sea water contains 330 curies of 
K* (84). 

The total external radiation to which 
man is subjected has been estimated 
(72) to total about 0.003 r/day, a 
value 145 the permissible level. The 
external radiation is derived from cos- 
mic ray ionizations (about 0.1 to0.5ra 
year), thoron in the air, and ground 
contaminations. The radon content 
of air over land varies from 1077 to 
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10-* microcurie per liter, wi ile thoron 


, 


content varies from 10~° to 10 


Permissible Levels in Body and Excreta 


Permissible bodv content values for 
the metal radioisotopes are 
Table 14. 
USsé of 

namely Ra?** and Pu*. It 


that the 


given tf 
They were calculated by the 
two ‘reference standards 
was 
assumed distribution char- 
acteristics, both localized and general, 


of most radioelements would be prac 
tically equivalent to either radium o1 


The 


alpha-emitting 


plutonium. radiotoxicity of a 


given radioelement is 
therefore taken to be the same, on a 


microcurie basis, as its reference ele 


ment The radiotoxicity of a beta- 


emitting radioelement is taken to be 
l¢o that of the reference element. 

The radioelements assumed to par- 
radium and listed ir 
lable 14 are Ca* and Sr*® while Ac 
Th?®, Po? Am*4!) Cm?42, Y*!) Zr 
Ce! are 
plutonium metabolism. 


Also tabulated in Table 14 is the per- 


allel metabolism 


and assumed to parallel 


missible body eontent ol important 
radioelements and those fractions that 
appear in the excreta. The elimination 
a period of six 
This 
inasmuch as 


checke d 


period when the excretion rate is higher. 


estimated for 
after 
a factor -of 

personnel will be 


rates are 


months absorption. lends 


safety most 


before this 
Obviously, in anv confirmed high count, 


a careful weighing of factors such as 


time of exposure, the {re- 


probable 


quency of exposure, route of adminis- 
tration and type of compound involved, 
must all be considered. 

In many cases, no data on humans are 


available so that it Is necessary to 
extrapolate from animal experiments. 
For many purposes, the dog appears to 
be one of the best of the common labora- 
tory animals from which to extrapolate 
metabolic data to man. 

Specific information regarding specifi 
than those 


elements other 


74 


pertaining 


to those elements assumed to parallel 


radium and plutonium are given below: 


Ra***: 


cases, the National Bureau of Standards 


On the basis of known human 


set 0.1 ug of radium in the body as the 
safe maximum level If we assume 
and an effective 


this 


distribution 
Mev, 
Ra**® corresponds to a weekly dosage of 
0.01 about 30°‘ 
pe rmissible dose. If the concentration 
the skeleton is 10, then the 
dosage in bone amounts to 0.1 rep per 


iniorm 
energy of 15.3 amount of 


about rep, below the 


lactor in 


week, about 6 times the permissible 
level for alpha radiation. An exten- 
sive critical summary of the metabolism 
of Ra??#* in human cases, in particular, 


has been compiled by Silbe rstein (67), 


Pu???; 
expected that Ra*?* would be about 50 
as Pu? This fol- 
that it requires 15 
to give 1 we of alpha radia- 
and that 
is about 3 times that of 


On a weight basis, it would be 
times as radiotoxic 
lows from the fact 
ug of Pu? 
the effective energy of 
Pu??9, 


metab- 


tion 
Ra??6 
However, three aspects of the 
olism of Pu**® seem to constitute evi- 
dence to indicate that it is more radio- 
toxic than Ra?** 

These are (1) the of Pu? 
to deposit adjacent to the susceptible 


tendency 
marrow, (2) its appreciable dis- 
soft 
the liver, and (3) the relatively small 
that is 


hone 
tribution in tissues, particularly 
fraction of it eliminated. In 
the absence of long-range comparative 
chronic radiotoxicity experiments of 
the two elements in large animals,* a 
safety factor of 10 is allowed. On this 
taken as the 
permanently fixed permissible level as 
iat” Theo- 
retically 5 ug of Pu?* would be equiv- 
alent to 0.1 we Ra?*?®) \ half ug of 
Pu2*® evenly distributed throughout the 


basis 0.5 ug of Pu? is 


compared to 0.1 wg of Ra? 


* The reason for stressing large animals is 
based on the fact that the rates of elimination 
f Pu from soft tissues such as the liver in the 
g, for example, are than 


i significantly less 
mn the rat S 
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ces 0.015 rep /week, which is 
the mpl (maximum per- 
for alpha radiation. 
urinary excretion = SIX 
fter intravenous injection of 
Pu salts was found to be less 
The 


is probably the best value 


0.01 in dogs (58, 85). 

figure 0.005 
humans at present. 

part of the Pu in the blood 

(85). The blood dis- 

urves for dogs (85) are 

ilar to the rat. [See Fig. 5 in 

NU, Feb. ’51, p. 21).] 

human 


Studies on 


subjects 
given freshly neutralized solutions 
of polonium chloride intravenously and 
ised to estimate body reten- 
After 


the fecal elimination totaled 


oraly were 


tion and excretion rates. oral 


ingestion, 


id ‘ qt 
Daily urinary 
0.01 f the 


the injected dose after 3 days. 

excretion was less than 

ingested dose during the 

lays and gradually decreased 
it 230 days. 


ipproximation, the radio- 


first 30 « 


to 0.0002 


lecting decay, was taken as 
» Pu This undoubtedly 
with too large a safety 
since the bone deposi- 

as is 


um is not 


as great 
with plutonium, but polonium 


concentrates preferentially in the soft 
kidney, 


and bone marrow. 


ticularly in the 


LISSUES, pa 
spleen, lymph nodes, 
\ critical discussion of the relative radio- 
toxicities of Ra Pu?3*, and Po?!” is 
given by G. A. Boyd and R. M. Fink 
p. 247 of ref. 49). 

H? (T): Tritium, which is taken into 
the body as tritium water, can be con- 
sidered to have a biological half-life of 
10 days. This 
studies on human subjects carried out 
by Hevesy and Hofer with deuterium 
water (89). The calculated rate of ex- 
cretion, based on a total-body water of 


figure is based on 


about 50 liters and a daily output of 
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water of 2.5 liters, is in good agreement 
with experiments on human subjects 
by Pace et al. (90), who used tritiated 
water, as well as those of Hevesy and 
Hofer with D,O (89). 

and Anderson |AECU-937 
1950)| recently studied rate of excretion 
of tritiated water in nine human sub- 


Pinson 


jects and found that the water remained 
in the body 9 to 14 days. 
ject, on a high fluid intake, the tritiated 
2'6 days. Of 


. 


In one sub- 


water remained only 
course, the biological half-life can be 
shortened by increasing the fluid intake. 

The amount of T required to deliver 
the permissible level of 0.043 rep/day, 
calculated from the formula for a beta 
emitter, R = 25 CE (Table 10), is 0.1 
uc per gram or 5 me total-body content, 

A safety 
for an in- 
and 


assuming a mass of 50 kg. 
factor of about 5 to allow 


creased biological effectiveness 
nonuniform distribution yields the per- 
missible body content of 1 me given in 
Table 14, 
Brues, Stroud, and Rietz on the acute 
toxicity of T in mice no special biologi- 
cal effectiveness factor was found (98). 

The absorption of tritium gas in the 
first 
approximation, to be proportional to 
the water content. At body tempera- 
ture and 760 mm pressure, 100 gm of 


However, in studies by 


body can be considered, for a 


water will dissolve 140 ug of hydrogen 
(99). If we assume the same solubility 
for tritium, then it appears that once T 
has equilibrated with body water, the 
partial vapor would be so 
small that the biological half-life might 
be of the same order as T,O. How- 
ever, during the first few hours after 
exposure to H® gas, it is probable that 
the bulk of the gas would be eliminated 
via the lungs within a few hours as is 
the case for the inert gases measured by 
Hamilton and co-workers (28) and 
discussed in detail by Tobias et al. (100). 

The question of fixation of 
tritium inhaled as a gas would depend 
on whether exchange of T, gas with 
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pressure 


tissue 











TABLE 14—— 
Tentative Permissible Levels of Radioelements in the Body and Excreta, 


Pe rmissible level in body 


assuming complete retention 


Radioelement 


Po?'® 
Raté 
Ac??? 
Th? (Jo) 
Pa?? 
Pu? 
Am?##! 
Cm?42 

H? (T) 


cu 


S35 


Chemical 
State 


Sol. 
Sol. 
Sol 
Sol 
Sol. 
Sol. 
Sol. 
Sol. 
H.O 
Sol. or in- 
sol. COs; 


Sol. or in- 


Principal 


Radiation 


Half-life 


140 
1600 


99 


x 104: 
x 104 5 


x 104 
500 
150 


12 , 
5700 3 


O31 
10 

031 
O31 
031 
O31 
O31 
031 
L000 
30 


200 


and de cay 
ue, gm 


x10 
x10 
4 x1077 
4 x10 
$.5x<10 
} x10 
15x10 
15K10 
0.014 
0.00043 


0.0028 


dpm 





sol. 
Sol 
Sol 
Sol. 
Sol. 
Sol 


Sol 


* Data are for period 


14 «10 
14x10 
14x10"! 
4.510 
15x10 
(1.510 


10 days alter expos 





H,0 to yield THO would occur. It is 
known that to obtain exchange of 
deuterium with H,O a high tempera- 
ture (200-400°) and catalysts 
required (p. 229 of ref. 101). However 
Pinson and Anderson have claimed that 
about 0.05% of inhaled T gas may be 
converted in vivo to the oxide by biolog- 
ical catalysts. 


are 


C'*: Insoluble or soluble carbonates 
containing C'* are rapidly excreted by 


the body as indicated by animal experi- 
ments involving inhalation or injection 
(91-94). 


The small amounts deposited 
in bone appear to leave very rapidly at 
first and are then eliminated from adult 
rats with a half-life of 30-40 days (92). 

The permissible level of C' in a 
70-kg man based on energy considera- 
tions and uniform distribution is 800 


76 


ue. A figure of 30 ue as the permissible 


amount for continuous exposure was 
recommended at the Chalk River Con- 
the Radiation Protection 
Comnmuttees of the United States, Great 


Britain, and Canada (76). 


ference of 


This figure 
was originally proposed by Brues (102). 
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and Fraction Retained in Body after Different Routes of Exposure 


. | 
| Data on urine-feces excretion of | 

. j Jon a 

: | absorbed radioelements | Principal reference 
retained 6 months after = : ; | sources used for estima- 

: Fraction of retained | ; 
ex posure ab : . : | tion of tabulated 
Urine ; dose in daily urine | fms, : 
Ratio information 


Oral Inhaled\ Feces ~™% dpm nT 


Estimated per cent of dose 


02 

| 01 

0.05 20 ; 01 
0.05 20 Ol 
0.05 20 O01 
0.05 20 0.005 
0.05 20 f 0.005 
0.05 20 0.005 
50* §°* 108* 
0.01 104 


to 
waa 111 to 


— 


5, 86, 87, 60, 63, 46) 
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~ 
uo 


2 X<10¢ 


005 100 
05 1000 
05 1000 
01 70 
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1 70 


+ Data are for period 1 week after exposure 
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Activation Analysis with the Oak Ridge Reactor (Continued from p. 63 





cate the amount of an element necessary 
to give a predetermined activity (40 
disintegrations per second of beta, or 

For example, an n,y 
Na*®® gives Na*4, Na*4 
half-life of 14.8 hours. 
Column (sensitivity in yg 
shows that 0.007 ug of Na®® will pro- 


the equivalent 
reaction on 
decays with a 


seven 


duce, in a bombardment time equivalent 
to the saturation value of Na*4, enough 
activity to be detected by our present 
Thus it 
can be said that 0.007 ug is a lower limit 


techniques of measurement. 


of determination for Na in any sample 
submitted for analysis. 
The limitation on the size of the sam- 


ple subject to bombardment is less se- 


vere than those encountered in some of 
the conventional methods of analysis. 
However, as outlined above, the ease 
with which an element may be detected 
is dependent upon its cross section, in- 
terference from other substances, ete. 
The size of the sample taken for activa- 
should he 


investigator's desires. 


tion influenced by the 
For example, in 
analyzing for traces of metallic ions in 
organic materials, it is well to use sam- 
ples in the range of 50 gm, while analysis 
for a major constituent might require 
less than 1 mg of sample. 

The rapidity with which results can 
Oak National 


Laboratory is dependent upon factors of 


be obtained at Ridge 
pile scheduling, the separation process, 
the nature of the radioisotope chosen to 
characterize the desired element, etc. 
Some analyses, such as those for sodium, 


78 


can probably be accomplished within 
weeks. Analysis for elements 
where the isotope chosen is of a longer 
half-life will require a correspondingly 


a few 


longer time. 


Probable Error 


It is estimated that trace constituents 
can usually be determined with an ac- 
curacy of +10%. However, in this 
program, probable errors will be in- 
cluded in data for individual analyses. 

Further information regarding appli- 
cation of activation analysis to specific 
problems can be obtained by writing 
the Isotopes Division, U. 8. Atomic 
Energy Commission, P. O. Box E, Oak 


tidge, Tennessee. 
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Scintillation-Counter Brain Needle’ 


A probe which permits greater tumor localization than G-M 
probes has been developed. With crystals as small as 6 mm’, 
its response is independent of physical shock and temperature 


By DOUGLAS KOHL 


Departments of Surgery and Radiology, University of Minnesota Medical School 
Minneapolis, Minnesota 


Use OF RADIOACTIVE diiodofluorescein 
for the detection of brain tumors has 
led investigators to explore the possi- 
bility of employing probe-type detectors 
for exact localization during surgery. ft 
The 
investigated primarily because it offers 


scintillation counter probe was 
physical ruggedness and stability, desir- 
able characteristics for an instrument 
of this kind. 

The scintillation counter shown in 
Fig. 1 built a 1P21 photo- 
multiplier tube encased in a hermetically 


was with 
sealed brass cylinder just large enough 
to contain the tube and the tube socket 
Op- 


posite the photocathode is an opening 


with its voltage divider resistors. 


with a threaded collar upon which the 


probe needle assembly is mounted, 
The associated power and signal cable 
for the 


surgical tubing, making the entire unit 


detector unit is enclosed in 
suitable for immersion in a cold, chem- 
ical sterilization agent. 

The needle itself is made of a 3-mm 
diameter Duralumin with 
0.1 mm thick. It is 8 cm long. 
interior is highly 


walls 
The 
polished and holds 


tube 


the phosphor and a small polished 


* Research supported in part by a grant from 
the Medical Research Division of the Atomix 
Energy Commission. 

+ B. Selverstone, W. H. Sweet, C. V. Robin- 
son The clinical use of radioactive phosphorus 
in the surgery of brain tumors, Ann. Surg. 180, 
No. 4, 643 (1949 
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Lucite rod. The rod is used to conduct 
light from the phosphor to the photo- 
cathode of the photomultiplier tube. 
The 


obtain a satisfactory preservation of the 


use of Lucite was necessary to 
pulse heights of the scintillations. 

The output of the photomultiplier is 
amplified and amplitude discriminated 
in a small unit placed outside of the 
sterile field in the operating room. The 
amplifier is a modification of a direct- 
coupled three-stage wide-band circuit 
giving an over-all gain of 350. 


Physical Properties 
Cadmium and calcium tungstate, 


stilbene, trans-stilbene and anthracene 


ie 


FIG. 1. Scintillation brain probe 


719 








have been tested for use as the phosphor 
The 


respt mse 


needle. gave 
the 


SYV5S- 


in the tungstates 
even though 
physical the light 


tem apparently avoided the limitation 


very poor 


geometry of 


created by the high internal reflection 
Although 
the numerical pulse output of the tung- 
small 


properties of the crystals. 


states seemed adequate, their 
pulse heights made it difficult to obtain 
a satisfactory signal-to-background dis- 
crimination even with the best photo- 
An- 
thracene showed a 20% better response 
the 


These comparisons were conducted with 


multiplier tube we could find.* 


than stilbene or trans-stilbene. 
I?! and P® beta and gamma radiations 
The 


the probe in air is evident from the 


localizational characteristic of 


field sensitivity pattern given in Fig. 2. 














FIG.2. Field sensitivity pattern of probe 
with beta-gamma detector and P* 


The length of the phosphor is 4 mm. 
The curves represent the cross-sectional 
view of the surfaces of revolution about 
the longitudinal axis of the needle which 
indicate spatial levels of equal response 
in a volume filled with a constant field 
intensity of radiation. The gradient 
of the curves is indicated by numbers, 
relative to the curved labeled 1. 

The blunt end of the needle is solid 
metal and results in the zero response 
region indicated. The Lucite rod was 
have no beta 
bombardments of ]'*! or P% 


shown to response to 


* Photomultiplier tubes were selected on the 
both high signal-to-noise ratios and of 
low inherent noise pulse rates 
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basis of 





TABLE 1 
Absolute Efficiency of Probe 


Cobalt-60 10.2% (y) 
Phosphorus-32 40.8% (8) 
Iodine-131 2.1%°* (8 and y) 


* An efficiency of 26.9 per cent for I'! is 
realizable with a background rate of 250 cpm. 
This is not, however, a usable mode of oper- 
ation for most biological activity levels. The 
maximum relative sensitivity obtained for each 
isotope is as follows: Co®-—1.00 (y), P#?—4.00 (B), 
['3!2.8 (B and vy) 





over-all 
index of 


The shows an 
stability or 
92%. It is completely insensitive to 
negligible 
sensitivity 
There 


instrument 
reproducibility 
physical shock and has a 
temperature coefficient of 
between 20° and 50° C. 
pears, however, a slowly changing sensi- 
tivity of 0.16% period 
of three hours until an equilibrium 
The this 
period has not been defi- 


ap- 


min over a 


is established. reason for 
‘“warm-up”’ 
nitely determined, but it is supposed 
that it is a transitional phase of the 
operating characteristics of the elec- 
tronic equipment. 

The 
Table 1 are approximate and were cal- 
culated different 
kinds of experiments. They are based 
upon a noise background rate of 50 


absolute efficiencies listed ‘in 


from a number of 


epm. 


Factors Affecting Accuracy 
The problem of efficiency is largely 
based upon the scintillation or light 


production properties of the phosphor 
Most 
some sort of energy-dependent response. 
If a combination of phosphor and radio- 


used. solid phosphors exhibit 


active tracer is used that produces small 
external light vields from penetrating 
radiation, the scintillation counter must 
be operated in such a manner as to 
decrease the sensitivity of the instru- 
ment in order to preserve the small noise 
background that is necessary for low- 
activitv-level measurements. 
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TABLE 2 
Effect of Noise Background Level Upon 
Source Sensitivity 


Source 
and back- 
ground, Source, 
cpm cpm Ratio 
95 S5S 
164 131 


516 235 





Table 2 shows the effect of noise back- 
ground level (determined by the ampli- 
upon the 
The 
data were gathered from tests upon a 
0.01 pe/em® of IT! 

counts taken 
the corresponding measure- 


tude discriminator setting) 


sensitivity of the instrument. 


* 


phantom* with 
The 


externally; 


background were 
ments including the source contribution 
were made in the center of the phantom 
brain 

The typical data of Table 2 also indi- 
cate that the probe must be operated 
at low noise background levels when 
used for short time period measure- 
ments during actual surgery, for if the 
background constitutes the greater por- 
the total counting rate, the 
suffers. 


tion of 
accuracy of the measurement 
The ratio of total counts to the back- 
ground becomes the important factor 
when short counting intervals must be 
employed 
As an 
that, using the data of Table 2, it is 
desired to detect two areas which have 
radioactive intensity differences of 20%. 
With a background of 10 cpm, the 
source contribution to the total would 
drop from 85 to 68 cpm, making the 
With a 
however, a 
total 
counting rate to change only 9.1%. 


illustration of this, suppose 


change in total counts 18%. 
background of 281 


20% 


epm, 


change would cause the 


The limit that may be obtained in 
* For a des 
Moore et al 
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ription of the phantom, see G. E. 
Radiology 58, 344 (1950) 


increasing the total-to-background ratio 
is determined by two important factors. 

1. The reduction in 
rate by reducing the background may 


gross counting 


bring the ratio into the region where 
random counting variations may be 
comparable to the changes in activity 
that exist in the different areas explored. 

2. The use of radioactive tracers with 
low-energy beta- and gamma-ray emis- 
sion places a limit on the signal-to- 
noise ratio, preventing the scintillation 
counter from exhibiting a high efficiency 


at a low background of noise. 


Evaluation of Optimum Operating Point 

Inasmuch as there is a great deal of 
flexibility in the mode of operation of 
counters of this type, a 
graphical evaluating the 
optimum operating conditions has been 
The desirability of operation 


scintillation 
method of 


devised. 
at the point of greatest accuracy is 
obvious in that, of necessity, the meas- 
uring time periods must be kept short 
during the brain exploration. 

Factors affecting of the 
measurement can be displayed graphi- 
cally once the kind of analysis is decided. 


accuracy 


In the case of brain tumor localization, 
radioactive tracer is 
A comparison of the 
generally used in 


the choice of 

rather restrictive 
two isotopes most 
brain tumor explorations, I"! and P*, 
with Co® is given in Fig. 3. Thecurves 
show the variation of sensitivity with 
the noise background rate. The energy 
dependence of the light output of the 
phosphor may be seen by comparing the 
source The _higher- 
energy radiation from P® produces more 


counting rates. 


larger pulses than does that of I"! and 
consequently gives a higher counting 
rate for the same noise background. 
In general, those tracers with higher- 


energy beta or gamma radiations will 
give a better accuracy ultimately. 

The comparison of I'*! and P** has 
been continued in Fig.4. The probable 
of the increases 
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error counting rate 











ource counting rate (cpm) 











975100 150 200 250 30 
Background (cpm) 


FIG. 3. Probe sensitivity for equivalent 
sources with anthracene phosphor 


decreased by 
The 


better ratio 


when the sensitivity is 
reducing the noise background. 
error due to obtaining a 
of total count to background is a de- 
creasing function. The intersection of 
the two error curves yields the optimum 
minimum 


background rate for 


* 


hoe 
erro! 
This type of analysis shows signifi- 
cantly two facts related to the choice 
of tracer with higher-energy radiations. 
1. The 


with its higher-energy betas occurs at a 


optimum condition of P* 
higher background rate than that for 
[!3! 
greater efficiency. 

2. The total error for P*? is actually 
less than for I'*!, 

An analysis of this type may be ex- 


allowing the counter to realize 


panded to include an entire range of 
intensity levels and variations, but the 
data would be singularly significant to 
the particular probe and _ phosphor. 
The steps to be taken in an analysis of 
this type may be summarized as follows: 

1. Determine the 
that will work 


standpoint 


possible tracers 


from a_ physiological 
2. Determine the relative response of 
the probe to equi-dosage amounts of 
the possible tracers (Fig. 3). 
3. From the normals of previous 


* The effect of needle contamination back- 
ground cannot be accurately predicted 
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© 


Ratio 


%probab+4 
le error 








Gross counting rate to background rate ratio 
Nm a @ 


On BO @® 





0 255075100 150 200 250 300 
Background (cpm) 
FIG. 4. Graphical determination of 


optimum operating point for scintillation 
probe used with I'*' and P*? 


measurements or experimental data, 
determine the % change or resolution 
clinical accuracy, and 
level in region of 


necessary for 
average activity 
measurement. 

4. Compute % probable error and % 
background error. 

6. Plot % 
background (Fig. 4 

6. Locate the minimal point of error 
intersections, e.g., 1 and 2 in Fig. 4). 


errors as a function of 


Comparison with G-M Probe 

The scintillation probe was compared 
with the G-M typet used by Selver- 
The G-M needle is 2 mm in 
diameter and 10 cm in length. The 
comparison was made by inserting the 
test filled with a 
containing The length 


stone 


tube 
P22, 


needles into a 
solution 
of the anthracene phosphor of the scin- 
tillation probe was 4.2 mm; the diameter 
was 2.6mm. The active region of the 
other probe is 1.3 em long. The back- 
ground rate of both needles was 32 cpm. 

The respective variations in counting 


tA Robinson-Selverstone No. 20 probing 


Ballantine 
was used. 


counting tube, manufactured by 
Laboratories, Inc., Boonton, N. J., 
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Length of needle inserted (cm) 


- 
End of 
need 


FIG. 5. Comparison of G-M and scin- 


tillation probes 


rate are given in Fig. 5 as a function of 
the length of the needle inserted into the 
A certain amount of 
from the beta 
particles that traverse the region above 


active solution 
response 1s obtained 
the solution; this is evident from the 
absence of zero counting rate beyond 
the end of the needle An abrupt in- 
crease in counting rate occurs near the 
end of the needle as the sensitive regions 
of the probes enter the range of the 
radiation. The counting rate levels off 
when the active region is entirely en- 
closed by the solution and, because of 
the geometry of the experiment, there 
is no further increase in solution volume. 
The shielding effect of the end of the 
scintillation probe appears to give a 
more abrupt change in response than 
does the end of the G-M probe in which 
the active region is 14 em from the end. 

Maximum counting rates were used 
for calculation of the relative sensitivity 
of the The G-M tube 
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two needles. 


gave 1.82 times as many counts per 
minute as the scintillation probe. An 
integrational calculation of absolute 
efficiencies, in which the difference in 
detection volumes was considered, gave 
11% and 40% respectively for the G-M 
probe and scintillation probe. 


Conclusions 

The scintillation probe seems to be 
perfectly suited to tracer applications 
such as brain needle explorations. Its 
independent of physical 
The detection 
efficiency is constant enough to be suit- 
able for most measurements. Its size 
and field sensitivity pattern are adequate. 

The comparison with the G-M probe 
points out two distinct disadvantages 
of that type of needle which are elimi- 
nated. One of these is lack of stability 
when the needle is subjected to physical 
strain or shock; the plateau of the G-M 
tube changes with the amount of curva- 
ture created in the needle. The other 
difficulty is that of securing a reasonably 
small detection volume. 

Phosphors as small as 6 mm* have 
given satisfactory response in this probe 
The practical limit on crystal 
size seems to be reached when the num- 
ber of scintillation pulses approaches, 
as its portion of the total count number, 


response is 
shock or temperature. 


counter. 


a percentage figure that is comparable 


to the error due to the 


random nature of photomultiplier tube 


percentage 


noise alone. 

The construction of the probe might 
be changed so that a small end-window 
photomultiplier could be used. 

Probably the greatest single advan- 
tage of the scintillation probe lies in its 
high detection efficiency. This makes 
it possible to obtain greater localization 
without accompanying loss in accuracy 
than can be obtained with G-M probes. 
The flexibility of the instrument in this 
respect is Obvious; changing the field 
sensitivity pattern involves merely al- 
tering the length of the phosphor. —enb 
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Analytical Chemistry of the Manhattan 
Project (Div. VIII, Vol. 1 of National 
Nuelear Energy , Clement J. 
Rodden, editor-in-chief, MeGraw-Hill 
Book New York, 1950, 
xx + 748 pages, $6.75. Reviewed by 
1. M. Kolthoff, Professor of Analytical 


Chemistry, University of Minnesota. 


Series 


Co., Ine 


’ 


The Editorial Advisory Board for the 
National Nuclear 
about the 


60-volume nergy 


Series states series in the 


preface of this volume that ‘‘compar- 
mentation for security was so rigorous 
during the war that it had been con- 
sidered necessary to allow a certain 
amount of duplication of effort rather 
than to permit unrestricted circulation 
of research information between certain 
As a result, the writing 
programs of different installations in- 


evitably 


installations 
overlap markedly in many 
scientific fields.”’ 

Under the able editorship of C. J. 
Rodden, with the assistance of N. H. 
Furman, KE. H. Huffman, L. L. Quill, 
T. D. Price, J. I. Watters, G. J. Petretic, 
and D. H. Templeton, the volume here 
reviewed does not suffer from this over- 
lapping 
lytical chemical methods was one of the 


“The development of ana- 


earliest problems on the {Manhattan| 
The | first 
examined were uranium oxides, uran- 


Project materials to be 


ium metal and graphite. In a short 
time, as the Project developed, it Was 
necessary to analyze for nearly all the 
elements of the periodic in all 
The methods that 
were developed were in the majority of 


system 


types of materials 


cases based on those previously pub- 


lished, and in many were but 


CUSECS 


adaptations for specific purposes.”’ 


84 


The foregoing quotation taken from 
the introduction of the book adequately 
The 


expects some sensational new contribu- 


indicates its scope. reader who 
tions which were held secret during the 
On the other 


hand, the book gives much more than 


war will be disappointed. 


might be expected from the title; Le., 
it offers not only procedures for the 
complete analysis of materials, mainly 
uranium, plutonium, and thorium and 
their compounds, but also critical re- 
views of existing methods with infor- 
mation gained by the workers in the 
Project on these methods. 

The first chapter of 160 pages on 
uranium by Rodden and Warf presents 


an excellent and almost exhaustive 
critical review on the analytical chem- 


The 


based on the ex- 


istry of uranium. selected 
(page 135) 
perience of the authors are especially 
Equally valuable is chapter 
2 of 45 pages on thorium. 

The other 20 chapters of Part I deal 
ele- 


pre )- 


cedures 


valuable. 


with the determination of most 
ments and are naturally less exhaustive. 
Some chapters (e.g., on chlorine, bro- 
mine, and iodine, on sulfur, ete.) are 
disappointingly incomplete. 

Part II (225 pages) entitled ‘“‘Special 
Analytical Laboratory Equipment and 
composed of 


Techniques” is seven 


chapters on electrolytic separation 


methods, photometric, electrometric, 
radio- 
chemical analytical methods and ‘‘other 


chapters the 


spectrochemical, low pressure, 


methods.” In several 
theoretical fundamentals of the various 
methods are discussed in a compre- 
hensive way with main emphasis on a 
description of the apparatus and equip- 
ment used in the Project. 

The book contains much information 
of interest to all analytical chemists who 
will appreciate that all the analytical 
information obtained by a large group 
of workers in the Project has been made 
available in a systematic and compre- 
hensible form and at a reasonable price. 


March, 1951 - NUCLEONICS 





Nuclear Physics, by Francis Bitter, 
Addison-Wesley Press, Inc., Cambridge, 
Mass., 1950, 200 pages + 18-page nu- 
clear data chart, $5.50. 
VW. L. Pool, 


Oh io State 


Reviewed by 
Professor of Physics, The 


University 


This textbook seems substantially 
suited for senior-division and first-year- 
had a 
sound course in elementary physics and 
An intro- 
ductory course in quantum mechanics 


graduate students who have 


& course in atomic theory. 
would be desirable. 

Nine chapters and five appendices 
cover briefly and, in general, deeply all 
conventional topics usually taught in 
the first physics. 
Perhaps because of inadequate training, 
students have found the text 
“hard” The instructor has 
frequent opportunities to elaborate on 


course in nuclear 
some 


reading. 


the development of ideas and equations. 
To present the material covered in this 
text thoroughly by means of a course 
of three hours per week for one quarter, 
the average student seems well loaded. 
covering a 
semester would be more desirable. 
Most all chapters are provided witha 
Many of 


these can be solved readily; however, a 


Perhaps a presentation 


refreshing set of problems. 


few make excellent exercises for even 
the hest students. Of 
students would prefer to have had the 


course, most 
answers printed also. 

A number of air-brush figures aid 
materially in visualizing clearly certain 
In fact, there is, on 
the average, a figure of some nature on 


nuclear concepts 


every other page. 

\ nuclear chart, plotted unconven- 
tionally to make printing in book form 
This 


lists for each nucleus the mass, 


more easy perhaps, is provided. 
chart 
half-life, beta and gamma 
energies, method of production, nuclear 
spin, magnetic moment, A-capture, etc. 
The data on the chart seem to be ap- 
older than what might be 
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abundance, 


preciably 


expected from the publication date of 
the book. 

It is desirable for teaching purposes to 
find a book such as this one that is not 
wordy. Most students, however, pre- 
fer to have a book that may present, 
now and then, items that they thor- 
oughly know the details of in preference 
to one that, even once, omits a step that 
requires considerable bridging on their 
part. Only in this respect might con- 
cessions be desirable for the expansion 
of a number of sections of this otherwise 
lucid, concise and solid textbook on 
nuclear physics 
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A Manual of Artificial Radioisotope 
Therapy, edited by Paul F. Hahn, 
Academic Press Inc., New York, 1951, 
310 pages, $6.80. 


Progress in Nuclear Physics, Volume I, 
edited by O. R. Frisch, Academic Press 
Inc., New York, 1950, viii + 224 pages, 
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A Hundred Years of Physics, by 
William Wilson, Gerald Duckworth & 
Co., Ltd., London, and The Macmillan 
Company, New York, 1950, 319 pages, 
$3.50. 
science from the beginning of Victoria’s 
reign till the present day, with detailed 
chapters on cosmic radiation, quantum 


A review of the state of physical 


theory, and nuclear physics. 


Borderlands of Science, by Alfred Still, 
Philosophical Library, New York, 1950, 
ix + 424 pages, $3.75. 


Electricité, by Y. Rochard, Masson et 
Cie, Editeurs, Paris, 1951, 538 pages 
with 588 figures; paper bound, 1800 fr., 
cloth bound, 2200 fr. An introduction 
to the theory of electricity and mag- 


netism. The treatment is standard and 
makes use of vector analysis. Applica- 
tions are treated and include the free 
electron, the photoelectric effect, ther- 

(Continued on page 92) 














NUCLEONIC EVENTS 








MOVIES ON ISOTOPES BEING 
FILMED FOR GROUP INSTRUCTION 


The U. 8. Army Signal Corps, with 
the aid of the Atomic Energy Commis- 
sion, has started production of a series 
of motion picture films entitled ‘‘The 
Radioisotope.” Planned primarily for 
the training of scientific personnel in the 
various branches of the Armed Forces, 
they will be available also to qualified 
industry and university groups. No 
date has been set for completion of the 
14 films, but several are expected to be 
available late this year 

The subject matter, which will be pre- 
sented at a level suitable for professional 
instruction, will include all the major 
aspects of radioisotope application and 
utilization. 

The scope of the projected series 18 
shown by the film titles: 

1. Fundamentals of Radioactivity 
Properties of Radiation 
Procedure 8 of Veas crement 
Pr Lr iple s of Trac ‘ Ve thodology 
Physical Principles of Radiological 
Safety 
Practices of Radiological Safety 
Biological Effects of Radiation 
Radioisotope sin Medical Research 
Radioisotope sin Medical Diagno is 
Radioisotopes in Medical Therapy 
Radioisotopes in the General Sci- 
ences 
Agriculture 
Industry 


Radioisotopes in 

Radioisotopes in and 
Engineering 

Stable Isotopes 


W hile the 


being done on 35-mm 


original photography is 
film, the com- 
pleted films will also be available in 
16-mm prints. 

Many of the film sequences are being 
photographed in AEC laboratories at 
Oak Ridge, Tenn. Others 
filmed at the Signal Corps Photographic 
Center at Long Island City, New York, 
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will be 


and in various industrial, university, 
and hospital laboratories now using 


radioisotopes. 


NUCLEAR ENGINEERING SUBJECT 
OF OAK RIDGE SYMPOSIUM 


The Oak Ridge Summer Symposium 
for 1951, to be held from August 27 to 
September 6, will be devoted to nuclear 
engineering. The choice of this sub- 
ject resulted 
to the sponsoring organizations by the 
committee on nuclear engineering of 
the American Society for Engineering 
Education. 


from a request made 


The symposia are sponsored annually 
by the Oak Ridge National Laboratory 
and the Oak Ridge Institute of Nuclear 
Studies. They are intended for Oak 

tidge personnel, representatives of uni- 
versities and industrial organizations, 
and other interested individuals. 

details on the 
later 


Complete sympo- 


sium will appear in a issue of 


NUCLEONICS. 


REBUILDING OF PRINCETON 
CYCLOTRON COMPLETED 


Princeton University’s 18-Mev syn- 
chrocyclotron, destroyed in a fire Feb- 
ruary 22, 1850, (NU, Apr. ’50, p. 84) is 
back in full operation. It was com- 
pletely rebuilt at a cost of $250,000 
with funds provided by the Office of 
Naval Research, Atomie Energy Com- 
mission, University research and insur- 
ance money, and the Eugene Higgins 
Scientific Trust. 

The only undamaged part of the 
accelerator, a major facility for funda- 
mental research in nuclear physics at 
Princeton that was built in 1935 and 
redesigned in 1946, was the 40-ton iron 
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yoke \ modification in the 
rebuilding involved water- rather than 
oil-cooling circuits for the magnet’s new 
As far as could be deter- 
mined, the fire originated in the cooling 


magnet 


five-ton coils 


oil surrounding the copper coils. 
The chamber and rotary 
modulator every- 


vacuum 
were salvable, but 
thing else, including all of the electronic 
equipment, had to be replaced. 
The rebuilding project, which 
resulted in a vastly improved proton 


has 


accelerator, was supervised by Milton 
G. White : 


tron research. 


director of Princeton’s cyclo- 


INDIA TO EXPLOIT 
RARE-METALS RESOURCES 


Under the guidance of its atomic 


energy commission, the Government of 


India is conducting research into ways 
and means of exploiting its large un- 
tapped resources of rare metals, includ- 


ing thorium, titanium, beryllium, zir- 
conium, and possibly uranium. 
According to G. C. Mitter, president 
of the Bombay Metallurgical Society, 
thorium is found in unlimited quantities 
in the beach sands of south India, and a 
factory is being set up to process this 
raw material somewhere in the south 
Large deposits of beryllium, also im- 
portant to the development of atomic 
energy, have been discovered in Raj- 
putana. India is believed to contain 
most of the beryllium in the world. 
Details of research and development 
of these but the 
Indian Government is pushing ahead 
fast 
India’s industrialization policy. 


metals are secret, 


because of their importance to 


ASTM NAMES COMMITTEE 
ON RADIOACTIVE ISOTOPES 


The American Society for Testing 
Materials recently announced the for- 
mation of a Committee on Radioactive 
Isotopes. Its purpose will be to serve, 
in an advisory capacity, the various 
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ASTM technical committees that are 
interested in test procedures involving 
radioisotopes. Named on the com- 
mittee are the following: 


E. B. 
Corp. 

A. Allan Bates, Portland Cement Assn. 

G. D. Calkins, Battelle Memorial Inst. 

8. Edward Eaton, Arthur D. Little, Ine. 

4. C. Fieldner, U. 8S. Bureau of Mines 

C. D. Foulke, Weirton Steel Co. 

W. H. Fulweiler, Consulting Chemist 

J W. Garrison Armour Research 
Foundation 

E. D. Haller, Beckman Instrument Co 

W. N. Harrison, National Bureau of 
Standards 

H. E. Hosticka, | 
tion 

J. W. Irvine, Jr 
of Technology 

J. L. Kuranz, Nuclear 
Chemical Corp 

S. K. Love, U. 8. Geological Survey 

George G. Manov, U. 8. Atomic Energy 
Commission ; 

L. J. Markwardt 
Lab 

dD. M. McCutcheon 

Homer Ss My ers 
Inc. 

J. H. Phillips, Babeock and Wilcox Co. 

R. G. Russell, Gulf Research and Develop 
ment Co 

Wm. B. Snow, Kellex Corp ‘ 

Orville J. Sweeting, [ niversity of Colo- 


Ashcraft, Westinghouse Electric 


S. Bureau of Reclama- 
Massachusetts Institute 


Instrument and 


U. 8S. Forest Products 
Ford Motor Co 


tadioactive Products, 


rado 

L. S. Taylor, National Bureau of Stand- 
ards 

T. Smith Taylor, U. 8 

Ernest H. Wakefield, 
Lab. 

C. E. Weber, General Electric Co. 

J. R. White, Socony-Vacuum Labs. 

J. Norton Wilson, Shell Development Co. 

L. A. Wooten, Bell Telephone Labs. 

W. H. Yando, Monsanto Chemical Co. 


esting Co. 
tadiation Counter 


To effect organization of the group, 
George G. Manov of the AEC is serving 
as temporary chairman. 


ASME NUCLEAR ENERGY GROUP 
DISCUSSES ENGINEERING PROBLEMS 


The ‘‘Engineering Problems of Nu- 
clear Energy’’ was the subject for dis- 
cussion at the meeting of the Nuclear 
Energy Division of the Metropolitan 
Section of the American Society of 
Mechanical Engineers held in New York 
on February 20. The speakers in- 
cluded David Cochran of the Knolls 
Atomic Power Laboratory and Andrew 


87 














The new 17-Mev linear accelerator recently 
completed at Massachusetts Institute of Tech- 
nology was built by the Research Laboratory 
of Electronics for use in the Laboratory for 
Nuclear Science and Engineering. 
to produce radiation equivalent to two pounds 
of radium, the machine accelerates electrons 
from a Van de Graal generator down the 
length of a 21-foot pipe with the aid of 21 
magnetrons, set one foot apart, as pictured 
the left 

21 tubes to operate in synchronism was solved 

by letting one of the magnetrons set the pace 
The machine was constructed with funds provided for the proj- 
ect by the Air Materiel Command, Office of Naval Research, and Signal Corps 


at 


fo: all the rest. 


Designed 


The problem of getting these 








W. Kellogg Com- 
was led by Clark 
National 
Havens, ot 


Kalitinsky of The M 
pany. Discussion 
Williams of the Brookhaven 
Laboratory, with W. W. 
of Columbia University as chairman. 
fegistration for the session ran to 
well over 300, with representatives from 
125 different industrial organizations. 
The group has scheduled a field trip 
to Brookhaven National Laboratory, 
Upton, N. Y., for May 19. R. W. 
Cockrell of The M. W. 


New York, is chairman of the division. 


Kellogg Co., 


IN BRIEF 


»A European laboratory for 


far { aton if 


nonmili- 
research to be built in France 
part ola plan currently under con- 


sideration hy the | 


Council oO} Europe : 
The plan was recommended by the Com- 
mittee on Scientific Cooperation of the 
European Cultural Center, an autono- 
mous body approved by the Strasbourg 
Assembly, and called for completion of 
the building in 1953 or 1954 if started 


this year. 
> Yale University last month revealed 
a $5,000,000 phy sics labora- 
tory. Construction is expected to start 
this The 


planned some time ago, but the war 


plans for 


summer. laboratory was 


emergency and the ‘‘vital part nuclear 
physies now plays in our national de- 
Whitney 
Griswold, Yale’s president, contributed 


according to Dr. A. 


fense,’ 


to acceleration of its construction. 


»>England’s first reactor to yo into full- 
scale production of plutonium was started 
up recently. Located at Sellafield on 
the West Cumberland coast, it is the first 


of two reactors planned for the area. 


>Electric Energy, Inc., (NU, Feb. ‘51, 
p. 89) last month announced that at the 
request of the AEC, plans for the “plant 
capability’ of power-generating facili- 
ties to be built near Joppa, Ill, to supply 
AEC’s Paducah, Ky., 
plant, have been revised from a 560,000 
to a 652,000 kw The re- 
vised cost of the power plant is now 
near $88-million. 


power to the 


maximum, 


NUCLEAR NEWSMAKERS 


Wolfgang K. H. Panofsky of the Uni- 
versity of California’s Radiation Labo- 
ratory will become a professor of physics 
at Stanford University next July. 

Robert F. Mehl, director of the metals 
research laboratory and head of the 
department of metallurgical engineer- 
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ing at Carnegie Institute of Technology, 
has been named chairman of the Metal- 
lurgical Advisory Board of the National 


tesearch Council. 


Leo Szilard is joining the faculty of the 
University of Colorado medical school 
is a Visiting professor of biophysics. 
He will remain on the University of 
faculty but time 


Chicago divide his 


equally between the two universities. 


Clarence Lynn has been appointed engi- 
neering manager of the Atomic Power 
Division of the Westinghouse Electric 
Corporation in Pittsburgh, Pa. 


Thomas E. Murray, member of the 


\tomie Energy Commission, recently 
award from Stevens 


The award 


received an honor 


Institute of Technology. 


was for notable achievement in the 


field of engineering management. 


NECROLOGY 


John R. Loofbourow (January 22, 1951). 
Executive officer of the department of 
physics and chairman of the faculty of 
Massachusetts Institute of Technology. 
Dr. Loofbourow served from 1942-46 
with the National Research 
Committee and was a special adviser 
to the 
during the 


Defense 


Commission 
years. In 
1948, he received the President's Cer- 
tificate of Merit ‘‘for 
services to his country.” 


Atomic Energy 


following two 
outstanding 
Author of 
many papers on biophysics, he was 48 
years old at the time of his death. 
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Nucleonics Instrumentation 
DEAR SIR: 

While attending various meetings at 
which scientific papers concerned with 
isotopic techniques were presented, it 
has been a common experience to hear 
a multitude of complaints about the 
commercial companies producing elec- 
tronic equipment for this type of work. 

Most of the complaints are, in my 
opinion, justified. All of us have or- 
dered company 
catalogue and planned our work to take 


equipment from the 


advantage of some special instrument 
only to find that the sales force is some 
six months in advance of the research 
and in several 


department instances 


two years in advance of the production 
department. 


Specific examples are legion. Items 


have sale 
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been offered for and then 


“technical diffi- 
letters re- 


withdrawn because of 
After 
questing information as to why a certain 


culties.” numerous 
instrument has not been delivered, a 
crude obviously hand-made model will 
Then a 


necessary to inform the company of the 


appear, series of letters is 
defects you have remedied and return 
letters from the company warning of 
defects. In 
you order an instrument, receive a box 


additional other words, 
of parts and build it yourself! 

The industry is a new one and un- 
doubtedly many unforeseen difficulties 
have occurred; however, it is hoped that 
the companies themselves will control 
some of the wistful, premature promises 
of their sales departments. 

In these perilous times, the reliability 
civil defense 
military use must be 


of instruments for and 
Un- 


fortunately the experience from investi- 


inviolate. 


gations at many different institutions 
has been otherwise. 
(Epiror’s Nore: The writer of this 
letter is a research worker in a large 


medical school. He has asked that his 
name be withheld.) 
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PRODUCTS and MATERIALS 








& 
: 


TE at tne 


PLUG-IN LINEAR AMPLIFIERS 
Radioactive Products, Inc., 443 W. 
Congress St., Detroit 26, Mich. 
plug-in linear 
with 


Two 
subminiature ampli- 


fiers for use radiation detectors 
have resolving times of less than 2 psec. 
The model C-13 accepts negative pulses 
The 


feedback amplifier has an over-all gain 


of 20 mv or less. broad-band 
of 100; rise time of the output pulse is 
0.4 psec. The C-14 
positive pulses up to | volt in amplitude. 


model accepts 
It has a gain of 50 and delivers negative 
pulses to a diode discriminator circuit. 
Pulse amplitude discrimination is con- 
trolled by 
nents of both units are potted in a 


a potentiometer. Compo- 


polymerized plastic. Power  require- 


ments are 6.3 volts at 0.6 amp, and 
+210 volts at 25 ma; the C-13 also 


requires 150 volts at 1 ima. 


REMOTE PIPETTE CONTROL 


Nuclear Research and Development, 
Inc., 1094 Sutter Ave., St. Louis 5, Mo. 
The RCI 


trol was designed to perform all neces- 
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model remote pipette con- 


sary pipette operations without the 
necessity of handling the pipette at any 
time during use. It can be used with 
pipettes ranging from 100 X to 5 ml. 
The lip of the pipette is placed in a 
tapered receptor by manipulation of the 
grasping 5-ml 
syringe built into the handle is used to 
Built 


almost entirely of aluminum, the device 


jaws. A hypodermic 


perform the pipetting operation. 


weighs 7, pound. 


BETA-GAMMA SURVEY METER 


General Electric Co., Electronics Park, 
Syracuse, N. Y. The model 48N8A2 
battery-operated survey meter uses an 
integrating count-rate circuit in con- 
junction with two G-M tubes and a 
seale-changing meter to give full-scale 
readings of 0.5, 5, 50, and 500 mr/hr. 


Halogen-filled tubes are used on all 


ranges; a mica-window tube is used on 
the 0.5 and 5 mr/hr ranges to detect 
both betas and gammas. The range 
proper tube and 

Originally cali- 


switch selects the 

changes meter scale. 
brated with a radium source, each range 
can be individually varied for recalibra- 
tion. Headphones can be used for 
aural monitoring with this 11l-pound 


instrument. 
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PREPARATIVE CENTRIFUGE 


Specialized Instruments Corp., Bel- 
mont, Calif. Application of forces up 
to 125,000 times gravity on 150 em® of 
material and 60,000 g on quantities as 
1,100 em 
preparative centrifuge. 


high as is possible with the 
model L The 
unit is completely housed in a 25 X 30 

36 in. enclosure. Rotor speeds as 
high as 40,000 rpm are achieved in an 
armored vacuum chamber evacuated by 
a two-stage mechanical pump. Three 


interchangeable rotors are available. 
Usable vacuum is achieved within 5 min 
of starting: terminal speed with the 
smallest rotor is reached in fess than 4 
min. Automatic controls and safety 
interlocks are provided to simplify oper- 
ation. Optional refrigeration facilities 


are available in the same housing. 
250-kv ACCELERATOR 

American Instrument Co., Inc., Silver 
Spring, Md. Designed for neutron 
production, nuclear reactions, and scat- 
250-kv linear 
accelerator produces a 350- 


tering experiments, a 
particle 
uamp continuous beam of protons or 
Major components are a 
supply 
distribution 


deuterons. 


high-voltage power control 


cabinet, supply 


cabinet, motor-generator set, high-volt- 


pow er 


age tank, high-voltage terminal, vacuum 


system, and the accelerator system it- 
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self. It is claimed that no special 
building facilities are needed for opera- 
tion. The unit, utilizing a filamentary 
ion source, Operates at any voltage from 
75-250 kv. Hydrogen or deuterium 
is admitted to the ion source through a 
heated palladium thimble. The parti- 
cle beam is focussed in a circle smaller 
than a millimeter in diameter. Beams 
of larger diameter with uniform current 
Flapper 


valves are provided so that vacuum 


distribution can be obtained. 


can be maintained in either the acceler- 
ating tube or target region while the 
atmosphere, A 


other is opened | to 


quartz-plate beam monitor is provided 


for measurement of beam current and 
uniformity. 


MIDGET HIGH-RANGE CHAMBER 


Landsverk Electrometer Co., Pippin 
Rd., Cincinnati 31,0. The model L-50 
high-range ionization only 
1%;6 in. long and ‘sy in. in diameter, 
has a full-scale range of 100 r for X- and 
It is read on the model 


chamber, 


gamma-rays, 
L-40 charger and reader. Accuracy is 
+5% of full The chamber 
is said to have low leakage and high 
The charger 


scale. 


resistance to humidity. 
and reader mechanism is mounted in a 
solid block of conducting plastic with no 
connecting wires or soldered joints. <A 
friction charger is employed to charge 
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the quartz-fiber voltmeter. The charger 
is disconnected automatically when a 


chamber is to be read. 


SPOT COOLING DEVICE 


Thermo Instruments Co., 
Camino Real, Belmont, Calif. 
ing only a supply of compressed air, the 


1163 El 
Requir- 


Hilsch vortex tube will produce an air 
flow with sub-zero temperature. The 
device is made of stainless steel. Air 
enters the tube through a tangential 
orifice which creates a vortex. A re- 
stricting diaphragm is used to select the 
cooled fraction of the air from the center 
of the vortex, 


SCINTILLATION CRYSTALS 


National Radiac, Inc., 4756 Washington 
St., Newark 2, N. J. 


lene, stilbene, and terphenyl crystals 


Diphenyl acety- 


can be furnished cut to required sizes. 
All have decay 
8 X 10° see, 


constants of about 
Diphenyl acetylene is 
said to have the highest light output. 
Crystals weighing less than 50 gm are 
readily available. A thin 
Lucite coating is provided on organic 


the most 


crystals when desired. 


LITERATURE AVAILABLE 


Organic Complexing Agents. 
ties and applications of Versenes, used 


Proper- 


for chemical control of cations in solu- 
tion, is detailed in the 112-page Techni- 
cal Bulletin No. 2. Be rsworth Che mical 
Co., Framingham, Mass. 


Sweep Generator. Booklet describes 


which can be used for 
Vanu- 


Equipment 


r-f generator 
aligning wide-band amplifiers. 
and 


facturers Engineering 


Corp., Willow Grove, Pa. 
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mionic emission, electron tubes, and 


propagation of radio waves. 


OTHER LITERATURE 


AEC Contract Policy and Operations. 
This 158-page pamphlet is the Ninth 
Report of the 
Energy Commission to Congress. Di- 


Semiannual Atomic 
vided into two parts, it describes (1) 
the 1950 progress and expanded opera- 
tions of major atomic energy programs 
and describes (2) AEC contract plan- 
ning and administration policies and 
Available 
from the Superintendent of Documents, 
Ll’. S. Govt. Printing Office, Washington, 
D. C., 


contractor-labor relations. 


la 
$0.40. 


Films on 
Outlines for eight sug- 
energy 
available to film producers. Survey on 
How Atomic Energy is Affecting 
Society. Results of survey that cov- 
ered all known groups who have estab- 


Suggested Outlines for 
Atomic Energy. 
films on now 


gested atomic 


lished committees or departments to 
handle their interest in atomic energy. 
Activity in fields is 
business and trade, professional, edu- 


five described 
cation, government, and publications. 
Both items noted above were prepared by 
and can be obtained free on request from 
the Council on Atomic Implications, Inc., 
Box 296, University of Southern Cali- 


fornia, Los Angeles 7, Calif. 


United States Civil Defense Health 
Services and Special Weapons Defense. 
Recommendations for the development 
of state and local health services against 
atomic, biological, and chemical war- 
this 250-page 
volume released in December, 1950, by 
the Federal Civil Defense Administra- 
tion. 


fare are contained in 


Available from the Superintendent 
of Documents, U. S. Govt. Printing Office, 
Washington, D. C., $0.60. 
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DECADE SCALER 


(HIGINBOTHAM CIRCUIT) 


Compact modern unit, designed to speed up labora- 
tory counting. Total count quickly indicated by direct 
reading scale. No extra computing. Total count on 
100 scale up to 999,999. Featuring hermetically 
sealed components. Compact—11” wide, 9%” high, 
18” deep. Geiger Tube Extra. 


MODEL LS64S 


BINARY SCALER 


(HIGINBOTHAM CIRCUIT) 
(AEC Model CGM3B) 





Compact laboratory measuring sets with 
scaling circuits. Built-in impulse register 
(recording clock) and hermetically seoled 
MODEL RM4B transformers. Full set of indicating lamps 
and instruments on front panel. Advanced 
circuit design achieves economy and sim- 


LABORATORY COUNTING plicity in maintenance and operation. 
RATE METER and — in several models. Geiger Tube 
COUNTER SET 


Four improved features: Larger meter calibrated in 
counts per minute and counts per second; hermet- 


ically sealed transformers; Selection of 4 time con- 
; 2647-67 N. HOWARD STREET 
stants, (independent of range) and larger more PHILA. 33. PA 


easily read meters, Built-in speaker for aural mon- ee 
 —~«~ ~ 
itoring. Recording circuits suitable for operation 7 America’s Foremost Crafters 


: Of ifs ' 
of external impulse meter. Eeeaeitic Equipment 
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Production of Todine-132 (Continued from page 18 





receives the shipment. However, even 
the I'*! activity will be relatively very 
low. Figure 3 shows the ratio of I'*! 
activity 


* 


activity to corresponding I'*? 
as a function of age of the tellurium. 
These curves are calculated assuming 
that the proper growth times are used to 
give 50 and 25 me as in Fig. 2. For 
instance, in the case cited above where 
the user wanted 50 me at noon on 
March 9, reference to curve A in Fig. 3 
shows that the I'*! activity is 0.0029 % 
of the I’? activity, or 0.0015 me. 

It will be noted in Fig. 3 that the 
isotopic purity of the I'*? steadily in- 


creases with time, i.e., the ratio Ayu 
1 y1s2 
when the amount of I'*? desired ap- 
proaches the amount of I'*? available 


steadily decreases until a time 


in the generator, and the growth time 
approaches 12.4 hours. This is true 
only if the system is purged each time 
constitutes another 


That is, not only 


before use and 
reason for purging. 
does this purging operation, if done with 
the proper timing, enable the user to 
extract a certain definite amount of 
I'32 and no more, but it also insures 
getting a product which is purer than 
with respect to 


would otherwise be 


other iodine isotopes. The mechanism 
causing this is not difficult to under- 
The S-day I 


from a 25-minute Te!*! 


stand. is growing in 


which in turn is 


being formed by isomeric transition 


Aran/Ay 


CURVE B ~ 
a5 a3 74s EeF7h ge yi 
MONTH-T?!?an-4 
FIG. 3. I'*'! contamination plotted as a 
function of age of tellurium (using proper 
growth time 
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from 30-hour Te'*'. Thus a relatively 
long half-lived daughter is being formed 
from a parent with an effective half-life 
of 30 hours. The daughter, therefore, 
would tend to accumulate, resulting in 
purity. If, 
the system ds purged each time, the I'*! 


poorer isotopic however, 
can not build up, and successive sam- 
ples will show it decreasing with ap- 
proximately a 30-hour half-life, which 
is more than twice as fast as the rate at 
Hence, if 
each successive sample shows propor- 
less I'*! activity than the 
previous sample, the purity of the I'3? is 
increasing. At the end of the rated life 
of the tellurium charge, the ratio 
Ayiai/Ayiu: starts to increase as shown 
on curve A in Fig. 3. 
the growth time necessary to produce 


which the I'%? is decreasing. 


tionately 


This is because 
the required sample is considerably 
longer at this stage, permitting rela- 
tively more I'*! to grow in. 

It may be pointed out that the iodine 
obtained from such a shipping unit will 
be ‘‘earrier-free,” i.e., free of stable 
iodine. 

This laboratory is not yet in a posi- 
tion to fill outside requests for these 
units but is making every effort to do so 
as soon as possible. The speed with 
which this is accomplished will depend 
to a certain extent on the demand and 
the outside interest shown in this 
isotope. 

* * «@ 

We are indebted to Drs. Lee E. Farr and 
William Hale of the Brookhaven Medical 
Department for their suggestions as to the 
potential uses of I'8?, Their interest in 
this project has been both gratifying and 
stimulating. 
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TRACERLAB HAS AVAILABLE TWO NEW 
PRECISION INSTRUMENTS FOR CIVIL 
DEFENSE AND INDUSTRIAL SAFETY 

MONITORING. 


The SU-10 RADIAC is an ionization chamber 
type survey meter with five differently colored 
scale ranges of 5, 50, 500, 5,000, and 
50,000 mr/hr. It is built to Armed Forces 
specifications and has been approved by the 
Federal Civilian Defense Agency. The 
instrument is shock proof and immersion 
proof and will operate under conditions 

of extreme temperature and humidity. 

A built-in radioactive checking source 


and long life batteries are also provided. 


The SU-6 POCKET RADIAC is an ionization 
chamber type instrument which has a single 
logarithmic scale with a range of 25 hr. It will 
also be available soon with a range of 500 
r hr. This survey meter can be operated with 
one hand by means of a single control knob. 
It fits easily into hand or pocket and utilizes 
hearing aid components. 


SALES OFFICES: 


- a? BERKELEY, CAL. CHICAGO, ILL. 
racerla ee ONY 


TRACERLAB INC 130 HIGH STREET, BOSTON 10, MASS 
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Your sealed assemblies ean be 


kept TIGHT with 
SLULIAOLL 
Kovar-Glass Seals Psy 


Kovar Metal, the ideal 
alloy for gloss sealing, 
is furnished in the form 
of tubes, rods, sheet, foil 
and fabricated shapes 


“ ya reee ‘ 
Stupakoff Metal-to-Glass Seals are made in 
@ variety of sizes and ratings 





Metal-to-glass seal making has been highly perfected by 
Stupakoff. When you specify Stupakoff Seals, you get well- 
designed, accurately-made products that are easy to assemble, 
mechanically strong, have high flashover ratings, provide 
high resistance to thermal shock and are dependable. They 
are made in a wide variety of standard types and sizes, or in 
special designs to meet your specific needs. 

Stupakoff seals are all made with Kovar Metal, which is 
readily bonded with hard glass producing no undesirable struc- 
tural stresses. It has substantially the same expansitivity as 
hard glass from-80°C to the annealing point of glass. These 
characteristics of Kovar make Stupakoff Seals dependable. 


Write for samples and prices of typical 
Stupakoff Kovar-Glass Seals. 


STUPAKOFF 


CERAMIC & MANUFACTURING COMPANY 


Latrobe, Pennsylvania 


96 March, 1951 - NUCLEONICS 





=> 
)) — 


ao rane 
Ri orrwaL to . 

+ 4 

= k 











{! 


BULLS-EYE! 


¥ u hit the bulls-eye when you call upon line from which to recommend. If you need a 
Sprague application engineers to help you special electrical or mechanical design to best 
with critical capacitor problems. solve your circuit or production problems, 
lin applying thé essentials of capaci- they will gladly work out the details without 

tor design to save space and cost in complex cost or obligation 
military and civilian electronic equipment, Time is of the essence today. If you have a 
Sprague engineers are ready to serve you capacitor, interference filter, or pulse network 
If standard capacitors can solve your prob- problem, contact SPRAGUE by ‘phone, wire, 


lem, they have the industry's most complete or mail without delay. 


S Pp N G U F SPRAGUE ELECTRIC COMPANY 


PIONEERS IN 
ELECTRIC AND ELECTRONIC DEVELOPMERT 
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...this New-Versatile Laboratory High Vacuum Unit 


DesiGNneb especially for shadow cast high vacuum research work. Buy only versatile yet economical evaporator 
¢ tearures electron the basic unit now, if the budget is Why not write today! 
modest — get the accessories later wes 
" Write for info a 
We'd like to tell you more about diffusion pump oil* 


acon 20 
the technical features of this new warcoit 10 — NA 


f t . 
ens of attractive features — easy opera NARCOIL 30 


ed 
non, filament and table adjustments — = P —— = “not previously esac 
provision for two filament operation ns one = 
re —_ 
The basic unit is priced at $880, ™ - 
National Research Corporation 
ca get optional accessory equipment 


to make the unit even more versatile Seventy Memorial Drive, Cambridge, Massachusetts 


fo b Cambridge. In addition, you 


— for electron microscopy — for other - ed Kngdom BRITISH AMERICAN RESEABCH (TD. london S$ W ? — Wishow, lonortshive 
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PACKAGED Functional Components... Electronic-Mechanical 


simplified 
electronic 
synthesis 


* 
o Mecha, concept 


SYNTHESIS of a complete 
Servomechanisms Inc. unit 
using packaged functions. 


*Trademork 


Old Country & Glen Cove Roads, Mineola, N.Y 


Lak Me lal ema ollelal-1-1a-26) 
aM lal -Mm oldoleltlailolameoh mM olela cole] -te 
oma ti -laidelaliamelslemil-laalelaliae 
functional units. Each is a 
folah 4-200 -2ah me @ Olen olelal ali fol am aelaliae)) 
device synthesis. A-system 
efola) Leki -1eMoh MET -27-18¢] Mm lela delel-t: 


fulfills the urgent need for 


® Spatial Adaptability 

¢ Instant Maintainability 
® Training Simplicity 

© Ease of Manufacture 


erate 
aes 
SPATIAL — 


Fr; 
ADAPTABILITY cd — 


aa 





TC OUNISMS i 1 & ome 


*inc. 


imperial Hway. & Sepulveda Bivd., Los Angeles 45, Calif 
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STANDARD AC SPECIFICATIONS 


= 
I VA capacity 150 250 2000 5000 
500 1000 3000 10000 

15000 


Harmonic Distortion 3% max. 2% max. 3% max 3% max. 


Cort 
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Ti iT it 

- MODEL 500-S 

Regulation accuracy + 0.1% against line or load oie 7 

Input voltage 95-130 VAC; also available for 190-260 VAC 
single phase 50-60 cycles 

Output voltage Adjustable between 110-120: 220-240 in 230 
VAC models 

Load range 0 to full load 

P.F. range Down to 0.7 P.F. All models temperature 
compensated 

NOTE: THREE PHASE AND 400 CYCLE REGULATORS ALSO AVAIL- 

ABLE. ALL REGULATORS CAN BE HERMETICALLY SEALED. 


HHH HH | 
Like Meco aa ee 


T 
pt 
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i For regulated DC problems investigate Sorensen’s 
W’rite for Complete Literature line of Voltage Reference Standards, 
DC Supplys, and NOBATRONS 


Olfi tlt and company, ine. 
375 FAIRFIELD AVE. « STAMFORD, CONN. 


MANUFACTURERS OF AC LINE REGULATORS, 60 AND 400 CYCLES: REGULATED BC POWER SOURCES; ELECTRONIC 
INVERTERS, VOLTAGE REFERENCE STANDARDS; CUSTOM BUILT TRANSFORMERS; SATURABLE CORE REACTORS 
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HOW VERSATILE CAN SMALL RESISTORS BE? 





Versatile enough to suit your critical 
electronic circuits? Small enough to 


fit in crowded chassis? Consider the 
two above... 


IRC Advanced Type BT Resistors 
have set new performance records for 
fixed compositions—meet and beat 
JAN-R-11 Specifications at \%, 4%, 1 
and 2 watts. Yet Type BTR and Type 
BTS are tiny units—only 3¢’’ in 
body length! 
t 

IRC wire-wound Type MW’s are 
unsurpassed for adaptability to a wide 
variety of design requirements. Small, 
flat design saves space. And lower 


Power Resistors 
Voltmeter Multipliers 


insulated Composition Resistors 
low Wattage Wire Wounds 


Controls « Voltage Dividers 


Deposited Carbon Precistors 


HF 
P 


and High Voltage Resistors 
recisions ¢ Insulated Chokes 


INTERNATIONAL RESISTANCE COMPANY 
401 N. BROAD STREET, PHILADELPHIA 8, PA. 


ARNOT & ADDY. AGENCY 
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initial cost, lower mounting cost, and 
flexibility in providing taps at low cost 
—all add up to economy. Light weight 
and space saving characteristics make 
this the resistor for portable equipment. 


Send for full technical data on these 
IRC resistors—and be sure to ask 
about our Industrial Service Plan. It 
enables your IRC Distributor to give 
you ’round-the-corner deliveries of 
minimum requirements—right from 
local stocks. International Resistance 
Co., 401 N. Broad St., Philadelphia 8, 
Penna. In Canada: International Resis- 
tance Co., Ltd., Toronto, Licensee. 


INTERNATIONAL RESISTANCE COMPANY 
419-A N. BROAD STREET, PHILADELPHIA 8, PA. 


Please send me additional information 


on items checked below: 


) Advanced Type BT Resistors 
Name of local IRC Distributor 


Name 





Type MW Resistors 





Title 





Company 





Address 











SCINTILLATION 
COUNTERS | 

with built-i in, 
COUNTING CHAMBER 
or external probes 


for Research Laboratory, 
Production Control, 
Health-Physics 


R-C-S is first in the field with 
the most advanced equipment 
available today for detection of 
nuclear particles and radiations! 
Serves for both scintillation and 
Geiger Mueller counting. Standard 
single pulse input circuits insure 
easy, reliable operation with 
minimum maintenance and 
maximum counting efficiency. 


The SCINTIMONITOR Model AX10 


A universal scintillation and Geiger 
Mueller counting rate meter for alpha, 
beta and gamma detection. Connects to 
scintillation counter probes at right. 
Widely used by government and private 
hospitals in new medical applications of 
radio-active tracers. Extreme sensitivity 
—over 100 times greater than conven- 
tional Geiger counters in detecting I-13! 
gamma rays! Built-in aural and visual 
monitoring. Drives external recorder, 
Counting rate | to 1000 per sec. Internal 
calibrator. A. E. C. Designation MBX-2A. 


102 


it. ae 


The SCINTISCALER Model CX14 


A universal scaler for alpha, beta and 
gamma radiation with a built-in scintillation 
counting chamber! (A.E.C. Designation ABX- 
4A). Alpha counting set-up shown. 30% 
geometry. 2 to 3 counts per hour bg. 175 V. 
plateau. Chamber has removable screen and 
sample tray. Converts to any type scintillation 
counting system. Continuous duty counting 
Scale of 64. Resettable clock, mechanical 
reaister. 


| 





Model LAX12 


Gamma § 
(Sensity CINTIMETER 
4 


- U nlimited * life 
ABX-34_ 


Mode! TAX11 
_— ScINTWOcAL ER 
irectional Counter) 
t Counting 
rans a fe ~ ff Pa 
. hie 
sharp collimatio’, ber 
tmited lis ey 


'e 
Designation fas: 2A. 


€ Counter) 


la: 120° 


Designation 








Limited Quantities AVAILABLE FROM STOCK 
Write for Free SCINTILLATION COUNTER Brochure! 


47 
SCUENTIFIC 


R-C SCIENTIFIC INSTRUMENT CO. 


First in Scintillation Counting Equipment 
335 Culver Boulevard, Playa Dei Rey, Calif. 
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NEW KINNEY CVD 3534 
COMPOUND VACUUM PUMP 


Here’s a vacuum pump only 19” long, 1312” wide, 16” high — com- 
plete with its 1/3 HP motor — yet so efficient it has a free air dis- 
placement of 4.9 cu. ft. per min.! Here’s a pump that produces 
McLeod Gauge low absolute pressure readings of 0.1 micron or 
better . . . continuously, dependably! 


Model CVD 3534 provides all the advantages of the Kinney oil- 
sealed pumping system in a new, compact size. Already, it is suc- 
cessfully performing important laboratory and production work. If 
your vacuum problem calls for high pumping speed plus utmost 
pumping reliability, it will pay you to learn more about Kinney 
CVD 3534. Fill in and mail the coupon for complete information. 
Kinney Manufacturing Co., Boston 30, Mass. Representatives in New 
York, Chicago, Cleveland, Philadelphia, Los Angeles, Houston, New 
Orleans, San Francisco, Seattle, and in Foreign Countries. 





eo ee ee ee a ee ee Ge ee en ee es ee ee ee es es oe a ae, 


“4 Kinney Manvfacturing Co., 
3614 Washington St., Boston 30, Mass. 
Gentlemen: 


Please send me Bulletin V50-A describing the new Kinney CVD 3534 
Compound Vacuum Pump. 
Nome Company 
VACUUM 
Address 
PUMPS 


City State 


ee ee ee oe ee ee oe oe 


oe ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee 
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1006 (0) | 


measure true rms values 


rr a I ig ig dl al 


of non-sinusoidal 


wave forms 


A new aid to true RMS instrumentation is the 

Reed DIOTRON, developed and manufactured 

by Reed Research, Inc., of Washington, D. C. 

This amazing instrument measures true rms values 

of non-sinusoidal! or otherwise erratic wave forms. 

It is a vacuum tube voltmeter whose indication 

depends entirely on true rms values. It is a small, 

compact, portable instrument used by engineers, 

technicians and scientists interested in the measurement 
and evaluation of power regardless of wave form. 


Marion makes the meter upon which the Reed DIOTRON 
depends for much of its accuracy of indication. It provides 
a linear power scale and allows full scale measurements 
of 1 mw, 10 mw, 100 mw, 1 watt and 10 watts into 600 ohms. 
A corresponding true root mean square voltage scale 

is also included. 


When you want special or standard instruments for 
any application that requires accurate indication think 
of Marion. Marion Ruggedized Meters are the most 
advanced electrical indicating and measuring instruments 
of our time. Advanced in both construction and appli- 
cation, count on them for prolonged peak perform- 

ance under extreme conditions of temperature, 

cl mate and actual physical violence. We invite 
comparison. Marion Electrical Instrument Company, 
414 Canal Street, Manchester, New Hampshire. 


Monufacturers of Hermeticaily Sealed Meters since 1944 


marion m 








If you are moving (or have moved), tell us about it, 
won't you? Your monthly copies of NUCLEONICS will 
not follow you unless we have your new address im- 
mediately. Make sure you don’t miss a single important 
issue . . . and help us make the correction as speedily 
as possible by giving us your old address, too 


NUCLEONICS 
Circulation Dept. 


330 W. 42nd St. New York 18, N. Y. 
104 March, 1951 - NUCLEONICS 














2 NEW Lerheley SCALERS! 


Quality Instruments 
at NEW LOW COST 


SINGLE LIGHTWEIGHT 


"W. V.” CONTRO, x “T! smatt- 


POSITIVE OR E SCALE OF 100 
NEGATIVE "H. V.” SUPPLY’ 


PLUG-IN CONSTRUCTION 





GM OR : 
ING 
SCINTILLATION COUNT 





PREDETERMINED COUNT: 


MODEL 100 

R . LOW COST—The Berkeley Model 100, pro- 
erheley Basic Scaler duced in quantity, provides a basic Geiger- 

SINGLE HI-VOLTAGE CONTROL simplifies w!'¢r scaler at minimum cost. 


operation, prevents inadvertent over voltaging price...$330.00 
of GM tubes. Single continuous control from 0 


to 2,500 volts “MODEL 110 





TRUE DECIMAL PRESENTATION for easy Berkeley Universal Scaler 


reading. No interpolation, no lights to add. Re- 
sults are presented in direct reading form on this versatile scaler has all the features 


iluminat onels of thet I i - 
illuminated pa els o etwoe ectronic count of the Model 100, plus: 
ing units. A 6-place mechanical register ex- 


tends total capacity to 99,999,999. Selectable POSITIVE OR NEGATIVE HI-VOLTAGE 


; 
electronic scale of 10 or 100 SUPPLY, selectable by simple internal switch, 


SMALL, LIGHTWEIGHT for easy portability. _ permits use with either GM or scintillation de- 
Weighs only 18 Ibs.; measures 9°94” x 10%” 
x 14%”. Baked enamel finish permits easy de- 
contamination BUILT-IN PREDETERMINED COUNTER pro- 
ACCESSORY OUTLETS cre provided for ex- Vides presettable scaling factors of 100, 200, 
ternal clock, timer, loudspeaker, or output pulse 400, 1,000, 2,000, 4,000, 10,000 and 20,000. 


er count to drive count rate meter or countin 
P 9 PRICE... $425.00 
rate computer and recorder. 


a B nh l, S&. . Lif R ‘ t, bi 


VANCOUVER, B. C. — Hugh M. Birch-Jones Co. © CLEVELAND — J. 8. Dannemiller 
MONTREAL, QUEBEC — Electrodesign © CHICAGO - KANSAS CITY — Everett Associates 
NEW YORK CITY (Export) — Frothom Co. © NEWARK - WASHINGTON, D. C. - PHILADELPHIA — Gowler-Knoop Co 
MINNEAPOLIS, MINN. — Graybar Electric © PORTLAND, OREGON — Howthorne Electronics 
DENVER - SALT LAKE CITY — Mine & Smelter Supply © ATLANTA — Murphy & Cota 
ROCHESTER, N. Y. — E. A. Ossman © LOS ANGELES — V.T. Rupp Co. © DETROIT — S. Sterling Co. 


tectors. 











For complete information, write for Bulletin 100-N 





SEE OUR DISPLAY AT BOOTH 378 
IRE SHOW NEW YORK, MAR. 19-22 








2200 WRIGHT AVE. + RICHMOND, CALIF 
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LABORATORY 
PERFECTION 


TIME AND NUMBERS 


RECORDING 
TIMERS 
COUNTERS 


Specially designed to fit your 
needs. 


Write for new 
illustrated cir- 


cular S C 24, 








SCALES WEIGHT RECORDERS -HI-SPEED COUNTERS 


STREETER - AMET COMPANY 


4101 N RAVENSWOOD AVE CHICAGO 13 ILL 





HOW TO REMOVE 
RADIOACTIVE 


| SUBSTANCES FROM 
Cables and Connectors EXPOSED SURFACES... 


Amphenol cables and connectors, 





the finest obtainable, undergo re- 
peated, rigorous laboratory and 
field tests —- your guarantee of un- 
failing channels for precious energy 
flow ... long leakage paths and 
extremely low loss insure accu 
rate readings and measurements 
vital to safety and exacting labora- 


As “; mally s.etY 
tory measurements Vatstry's Pounds, able, 


’ 
A ere ned 
“7 A Techniegt' Search "ow Ong 
a p OL Feques;y Bulletin Nes pr. | 


AMERICAN PHENOLIC CORPORATION 
1830 So. 54th Ave., Chicago 50, Ill. 


BERSWORTH CHEMICAL CO. 
FRAMINGHAM, MASSACHUSETTS 


March, 1951 - NUCLEONICS 





Van de Graatt 


-. | . —_ = 


4.0-MILLION-VOLT 
POSITIVE-1O0N 
ACCELERATOR | 





TYPE D MODEL H 


. Produces a well-collimated and intense beam of charged 
particles, homogeneous and controllable in energy . . . with 
ruggedness, reliability, and the precision required for significant 
research. 


. Provides basic equipment for fundamental radiation research 
and instruction in physics, chemistry, biology, and related fields. 


Accelerator rating: 4.0 MeV 
C Pere WRNIES ic cectnisecabiniseceniiccssiones 1.0 — 4.0 MeV 
Analyzed proton intensity: ............ 5a (continuous) 
Analyzed proton intensity: ................ 300na (pulsed) 
Proton energy stability: .................... + 1 part in 1000 
Generator tank size: 8 feet diameter X 25 feet long 


. . More data on this versatile Van de Graaff accelerator, will 
be found in our Bulletin H. For detailed information on appli- 
cations, we suggest consultation with an H.V.E.c. engineer. 


HiGuH VoLTaGE ENGINEERING CORPORATION 


7 UNIVERSITY ROAD . CAUSRIODE 36, MASSACHUSETTS — 
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SEARCHLIGHT 
bY Jog gle], | 


Classstied Advertising) 
EMPLOYMENT BUSINESS 
EQUIPMENT USED oR RESALE 


OPPORTUNITIES 


UNDISPLAYED RATE 

Minimum 4 lines. Count 5 
average words as a _ line INDIVIDUAL 
I MPLOYMENT WANTED und played ad 


is one-half of undisplayed rate 


$1.5 a lime 


ng rate 
payable in advance 
BOX NUMBERS Care of 


count as 1 line 


publication 


DISPLAYED RATE 


Rate $15.00 per inch for all advertising 
othe than contract. Contract rates on re- 
quest AN ADVERTISING INCH " © 
14 inches—to a 


one column, 2 columns 


page 

















ELECTRONIC EQUIPMENT « PARTS 




















PROFESSIONAL 
SERVICES 








NUCLEAR RESEARCH 
CORPORATION 
Consulting Nuclear Physicists 
112 S. 16th St., Phila. 2, Pa. 
LOcust 7-0342 











VIDEOSER VICE 
Servicing Nuclear and Electronic Equipment 
in The New York City Area 
INQUIRIES FROM MANUFACTURERS AND 
LABORATORIES INVITED 
Videoservice division of Video Television Inc 
37-01 Vernon Bivd., Long Island City 1, N.Y 
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For Laboratory Analysis of Radioactive Substances . 


The KELEKET BETA-GAMMA SCALER 


Model K-281 


The Keleket Beta-Gamma Scaler is a complete scaling unit that 
automatically performs quantitative assays of radioactive content of 
ores and biological samples; traces radioactive chemicals in plants and 
animals used in metabolism determinations; and can be used in 
process control applications involving radioactive materials. 


SPECIFICATIONS 
SCALE SELECTOR: Selects binary scaling factors from 2 to 256 
REGISTER: Built-in, rugged, high speed, four-digit Veeder-Root 
AUTOCOUNT: Counting automatically stops of 10, 100, or 1000 
AUTOTIME: Predetermined-time counting up to 60 minutes, 
Keleket Model K-214 Timer, or equivalent) 
AUTOMATIC RESET: Flip of switch resets interpolation lights and 
POWER REQUIREMENTS: 100-125 V., 60 cycles AC, 2 amperes 
HIGH VOLTAGE: Continuously adjustable from 600 to 2500 
4 n high voltage for 1% change in line voltage 
T SENSITIVITY: Adjustable; set at 250 millivolts at factory 
NG STAGES: Reliable Higinbotham circuit with slight modifications 
VING TIME: Five microseconds 
ER: Streamlined, 4 nach, with 


ARY 


régister counts 
accurate to 0.1 second (using 


register to zero 


ange 


volts. Regulated to 0.03% 


illuminated scole 
OUTLETS: For oscilloscope, standard and automatic 
GM tube input (front and rear), and 110 V. AC 
y Stee arge top lid; ventilating slits 
JISH: Smooth Kelegrey enamel; chrome trim; 
1ZE AND WEIGHT: 10}” x 213” x 15” 


timers, quench high voltage, 
Heav n ends 

black anodized front panel 
57 pounds 


Write for literature on all KELEKET Instruments 


THE KELLEY-KOETT INSTRUMENT COMPANY 
936-3 York Street, Cincinnati 14, Ohio 


Leading Vi mufacturer of In fruments for the Atom A 


‘aii 








NUCLEAR Model 117 Methane Proportional Flow Counter is the 
ideal instrument for counting alphas in the presence of high beta 
and gamma activity. 

Several complete instruments and accessories are embodied in 
the compact Model 117: A methane flow proportional counter with 
variable geometric sample holder; a variable gain, high-gain linear 
amplifier, with calibrated control; a Higinbotham-type scaling cir- 
cuit of 256:1; a high-speed impulse recorder; and a variable, stabil- 
ized high-voltage supply. 

Model 117 was the first commer- 
cial instrument of its kind, and has 
been proven thoroughly reliable in 
use by leading nuclear scientists. 

Complete data on Model 117 will 
be sent promptly, without obligation, 
upon request. 


nuclear INSTRUMENT & CHEMICAL CORPORATION 


235 West Erie Street * Chicago 10, Illinois * Cable Address: Arlab, New York 
Export Department: 13 E. 40th St., New York, N. Y. 


Scaling Units for Every Type of Radiation Counting © Complete ~ 
Wall, Window, and Windowless Counters © Count Rate Meters 
2 Radioactive Chemicals © Complete Line of Accessories for the Nuclear Leberatory 


f nuclear “PRECISION INSTRUMENTATION FOR NUCLEAR MEASUR 





